Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 



an/GoOgle 



■ 



Xlbrar? 

of tbe 

mmvetsits of TOleconem 



DioilzcdBi'GoOQic /I 



an/GoOgle 



Electric and Magnetic 
Measurements 

and 

Measuring Instruments 



FRANK W. ROLLER, M.E. 

Hbmbbb, A.I.E.E., A.S.N.E., A.E.S., etc, 



NEW YORK 

McGRAW PUBLISHING COMPANY 

1907 



an/GoOgle 



an/GoOgle 



105160 

APR 2 31807 

TNF 



^ op^ (^ 



PEBFACE. 

The foUoning volume has been written for the use of those 
who have to do with electrical and magnetic meaeurements ia 
one form or another, and as these must be made in practically 
all branches of the profession, from the simple testing out of 
lines and resistances to the most elaborate determinatiou of 
designs, it ia hoped that its sphere of usefulness will be quite 
large. 

The subjects have, throt^hout, been approached with a view 
toward their use by useis, not manufacturerB, of measuring 
apparatus,- that is to say the book is in no sense intended as a 
treatise on the design and construction of instruments, the circle 
interested being decidedly limited. Descriptions are, however, 
given of apparatus as well as of metiiods of test, because knowl- 
edge of tiie manner in which a principle is utilized in concrete 
instruments often suggests, to one having a determination to 
make but is at the same time without the particular form of 
appliance ordinarily employed for that purpose, means of adap- 
ing thereto some other device which is at hand. Further, in 
illustrating examples of instruments for different kinds of work, 
there has been in mind the idea that these will enable engineers 
to decide, with t^e aid of their general engineering knowledge, 
which are the best suited to their particular requirements. 

In line with the general idea of making the volume of value 
to the profession at large, there has been adopted the use of an 
appendix which is thought to be novel in character and to which 
attention is invited. It will be seen by reference thereto tliat, 
without cumbering the text with numerous reiterations of manu- 
facturers names or tiie description of multitudinous instruments 
of a given class differing one from the otiier only in minor 
U 
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detail, those who are confronted wiUi tiie necessity of procuring 
apparatus for m&kiDg given tests have provided a conveuient 
means of ascertaining not merely the names but also the 
addresses of the majority of manufacturers of that particular 
kind of goods. 

Another point which is thought to be novel and useful is the 
employment in diagrams of connection of the actual word or 
reference letter that occurs at each point, instead of the more or 
less conventional symbol therefore plus a reference letter for the 
text The author haa used this system in his own work for 
some tame past and finds it of decided utility as a time taver in 
making sketches and in the interest of clearness. 

Owing to certain vexatdous delays in connection with some 
of the illustrations, the issue of this book has been deferred for 
a considerable period after the completion of the manuscript. 
It is not, however, thought that the developments in the field 
in the interim have been of sufficient general interest or 
applicability to warrant revision. 

The auliior in conclusion desires to make acknowledgment of 
the courteous services of Mr. Townsend Wolcott, who was good 
enough to read and correct a large portion of the proofs. 

F. W. R. 

New York, Noveinber, 1906. 
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ELECTRIC AND MAGNETIC MEASUREMENTS 
AND MEASURING APPARATUS. 



CHAPTER I. 
DEFnnTlOHS OF iraiTS. 
In order to measure a quantity, condition, or state of matter, 
we must first have a standard of reference. For although 
such quantity, condition, or state of one body can be compared 
directly with the similar property of another body, this direct 
comparison cannot be extended to three or moTe of them, unless 
the property of all the other bodies be referred to the said prop- 
erty of some selected one, in which case the said one becomes, 
provisionally, a standard of reference. Authorized and com- 
monly accepted standards are called units ; and as we have here 
to deal with electrical measurements, deEnitions of electrical 
units will be first in order. 

UNIT OF RESISTANCE. 

When an electric current flows through a conductor of 
electricity, a resistance to this flow is always offered by the 
conductor. The amount of the resistance is dependent upon 
the material of the conductor, ite physical condition, ^ometrical 
dimensions, temperature, and, under certain circumstances to be 
treated later, other conditions. 

The unit of resistance, with which all other resistances are 
compared, is that which is offered to a current of uniform 
strength and constant direction by a column o£ pure mercury 
at the temperature of melting ice, having a mass of 14.4521 
grams, a constant cross-sectional area, and a length of 106.3 
centimeters. This unit is called the ohm, and its value as just 
given is that determined upon by the "International Congress 
of Electricians," iu 1893, and made legal in the United States 
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2 ELECTRIC AND MAGNETIC MEASUREMENTS. 

by Act of CongreBB in 1894. It ia officially designated and 
commonly known aa the " International Ohm " and ■ is the 
recognized Btandard to-day. Before the adoption of the "Inter- 
national Ohm " three other standards were in use at variouB 
times. The first was the "Siemen's Ohm," this being repre- 
sented by the resistance offered by a column of mercury having 
a cross-sectional area of one square millimeter, and a length of 
one meter. The second unit is that commonly known as the 
"B. A. Ohm," "B. A." being an abbreviation for "British 
Association for the Advancement of Science," who proposed its 
adoption. In it the length of the cylinder of mercury is 104.8 
centimeters. The third standard adopted was the so-called 
" Legal Ohm" (about which, however, there was nothing legal), 
which was adopted as a temporary standard by an International 
Committee, in 1882. It is represented by the resistance of a 
column of mercury having a cross-sectional area of one square 
millimeter and a length of 106 centimeters, at the temperature 
of melting ice. As there are many pieces of appai'atus, more 
pardcukrly resistance boxes and Wbeatstone bridges, calibrated 
in the last-named units still in use, the following comparison 
table is given: 

TABLE I. 
Siemen's Ohm s= .9408 International Ohms. 
B. A. Ohm = .9866 International Ohms. 
Legal Ohm = .9972 International Ohms. 

UNIT OF CURRENT STRENGTH. 
The unit of strength of electrical current is called tlie 
ampere. A current of one ampere strength when passed through 
a solution of nitrate of silver, under the conditions named in 
the footnote below, will cause the deposition of .001118 grams 
of silver per second. This value of the ampere is as defined 
by the International Congress of Electricians, in 1893, already 
referred to, and is commonly accepted as the standard to-day.* 

• ITie Bpeclflcation for th? construction and use of tlie "Silver VolUinieter " 
nsed in laboratories as a primary Btandard for determining current Hlrength la 
flabstantlally as follows : Tlie voltameter consists In general of a platinum 
bowl having a diameter of not less ttian 10 cm. and a depth of 4 to 6 cm., 
In nhich is suspended horizontally, by flue platinum wires, a plate of pure 
silver having an area of about 30 sq. cm., and a thickness of 2 to 3 mm. The 
diver plate la wrapped around with clean filter paper secured at the back with 
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DEFINITIONS OF UNITS. 3 

It is, however, simply the commercial Btendard of current, the 
fundamental standard &om which it is derived being ten times 
as great, and represented by a current of such strength that when 
passed through a conductor having a length of one centimeter 
bent into an arc of a circle having a radius of one centimeter, 
it will attract or repel a unit magnetic pole placed in the center 
of the circle with a force of one dyne. Later determinations 
seem to show that 1 ampere flowing through a silver voltameter 
for 1 second will deposit .001119 grams of silver, instead of 
.001118 grams, and that the International Congress definition 
is that much in error. It nevertheless remains in almost uni- 
versal use. 

UNIT OF EI.ECTROMOTIYB FORCE. 

Electromotive force, commonly abbreviated to E.M.F., is the 
force or stress which sets up or tends to set up a flow of electric 
current, just as in hydraulics pressure tends to set up a flow of 
liquid. As tiie unit tliere is taken that E.M.F. which, contin- 
uously applied in a constant direction to a circuit having a 
resistance of one ohm, causes current to flow at the rate of one 
' ampere. This unit is called a volt, and as defined l^ the Inter* 
national Congress already mentioned, is represented witii suffi- 
cient exactness for practical purposes by ^^J of the E.M,F. 
at 15 degrees C. of the cell known as the Clark cell, a descrip- 
tion of which win be given later (see page 24). It should here 
be noted that, as the ampere is definitely determined and of a 

sealing wax, in order that do detached pniticleBmay fall ioLothe platlnom bowl. 
A solution of nitrate of silver, containing about 16 parts by weight ol tbe nitrate 
to 86 parts of water, is poured into the platiaum bowl to a depth euftlcient to 
completely submerge tbe silver plate. The current to bo measured is passed 
tbroogh the voltameter thus formed, entering through the silver plate and 
departing through the platinum bowl. The bowl is thorouf^hly cleaned, dried, 
and weighed before pouring In the solution. After the current of constant 
■trength has l>een passed through the voltameter for a given period, carefully 
measured by a good watch, the bowl is emptied, thoroughly waHhed, and dried 
with alcohol. It will be found on again weighing the bowi that it has gained 
In weight, the added weight being that of tbe pure silver deposited by the action 
of tbe curreot. To find the current in amperes that was Sowing, divide the 
increase in weight measured in grams by the number of seconds that the 
current was flowing and by .001118. 

To obt^n concordant results some manipulative skill is required, and the 
nature of the voltameter renders experiments expensive. For this reason this 
form is used but seldom outside of the laboratory, and It is not thought that a 
Bofflcient number of readers will be Interested in the minutiie to warrant tiie 
devotion of farther space to this subject. 
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4 ELECTRIC AND MAGNETIC MEASVREMENTS. 

fixed Talue, die Tolt which is dependent on the ampere and the 
ohm has not, because as before stated the ohm has had differ- 
ent yalues from time to time. The system under which the volt 
is measured should hence always be stated. If it ia under the 
old B. A. or the legal system, the value may he converted into 
the now commonly accepted International volt with the aid of 
Table L 

TJNIT OP OAPACmr. 

Any two electric conductors separated by a dielectric, such 
as air or any other nonconductor, will store up a chaige of 
electricity if a difference of potential be applied to them. The 
apparatus formed by the conductors and tie intervening dielec- 
tric is called a condenser, and its property is known as capacity. 
A condenser is of unit capacity when one volt difference of 
potential applied to its terminals causes the flow and storing up 
of the unit quantity of electricity (one ampere for one second, 
namely, one coulomb). The unit of capacity as just defined is 
called the farad. Being far too large to be conveniently used 
in commercial work, the microfarad, which is one one-millionth 
part of a farad, has become the commercial standard for t^e - 
comparison of capacities of condensers, cables, etc. 

tnaT OP INDUCTANCE. 
In addition to the ohmic resistsjice offered to the flow of the 
electric current, every electric circuit has another property 
known as inductance which is analogous to inertia in mechanics, 
and which opposes any change in current strength. This op- 
position is offered for the following reasons. A conductor 
carrying an electric current is surrounded by a mi^netic field, 
the paths of whose lines of force are circles concentric with and 
whose planes are at right angles to the conductor. The strength 
of the field is proportionate to the strength of the current and 
varies therewith. If, therefore, the current's strength increases, 
an additional number of lines of force is sent out by it, and 
expanding like the wavelets in a pond when a stone is thrown 
into the water, cut other proportions of the circuit. In accord- 
ance with the laws of electro^iynamies, these waves, as they 
cut the conductor, set up an E.M.F. which ia opposite in direc- 
tioa to the E.M.F. causing the current flow, and therefora 
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DEFINITIONS OF UNITS. 

makea it impoBsible for the current to reach iaBtantaneously the 
value due to the E.M.P. impiesBed upon the circuit. 

The unit of inductaiice is called the heniy, and is the indue- 
tance of a circuit of such character that when the current 
therein changes in strength at the rate of one ampere per 
second, there is set up a counter electromotive force of one 
volt. 

ohm's law. 

Prom the definition of a volt above given it is evident that 
there exists a cei'tain relationship between voLts, amperes, and 
ohma in a given circuit. To state the law more concisely than 
in the definition : The current flowing through a circuit is di- 
rectly proportional to the E.M.F. impressed thereon, and in- 
versely proportional to the resistance of the circuit. If we use 
the letter I to designate current, the letter U to designate 
E.M.F., and the letter H to designate resistanoe, the formula 
expressing thia law of relationship is, I = -^ This law is 

known as Ohm's law and holds good when / is maintained 
constant in value and direction. Where the value of / or its 
direction varies, other elements enter which modify this simple 
rdationship, a matt«r which will be enlarged upon later. 
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CHAPTER II. 

LABORATORY AND COKKBRaAL STANDARDS OF EBSISTAIICE, 

CURBEHT, EJI.P., CAFACITY, AND mDttCTARCE. 

RESISTANCE STANDARDS. 
The Mercury Ohm. 

As mercniy at the temperature of melting ice ia a liquid, 
and, moreover, readily oxidized when exposed to air, it is evi- 
dent that the only way to make a standard International ohm 
in accordance with the speciiications laid down in the defini- 
tion is to enclose the proper quantity of mercury in a tube of 
glass or similar material. The dilficulty of preparing such a 
tube so that the proper lengtli holds the right weight of mer- 
cury, of making contact with tlie mercury at proper points, of 
obtaining mercury of perfect purity, and of maintaining the 
whole apparatus at an accurate uniform temperature, t(^ther 
with other minutiffi which must be taken into account if accu- 
rate results are to be Iiad, evidently call for considerable care 
and manipulative skill of the highest order, and prohibit the use 
of standards so made, except under very exceptional circum- 
stances. 

In Fig. 1 there is shown the standard mercury ohm that ia 
used in the PhysikaliBche-Technische Ueicbsaustalt, in Berlin. 
The illustration is given to emphasize tlie bulk and real com- 
plexity of this apparently simple apparatus. As can be gathered 
from the proportions, it is in the neighborhood of six feet long. 

Even when a meixjury standiml ohm is prepared which com- 
plies with all of the conditions laid down in the official desig- 
nation of tiie unit, we have a piece of apparatus that is only a 
secondary standard, and not one directly derived from fun- 
damental units of length, mass, and time. 

Lorertz Apparatus. 
The standard of resistance can be fundamentally derived by 
means of the so-called Lorenz apparatus, whose method of opera- 
tion is based on the following principle : 
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8 ELECTRIC AND MAGNETIC MEASUREMENTS. 

Referring to Fig. 2, SS, is a coil of several turns of 
insulated wire, whose diameter is very accurately measured. 
Mounted co-axiaUy with tliis coil and wiUiln it is a metal disc, J), 
rotating about a shaft, 0. If current is passed through the 
coil, S, lines of magnetic force flow through the interior of the 
coil, parallel to its axis and cut the disk, D, in consequence of 
which a difference of potential exists between the center, 0, 
of the disk and ite periphery. If suitable means of making 
contact with the center and periphery are provided, that poten- 
tial can be measured in an external circuit. PQ is a bar of 
resistance metal and £ a set of batteries of appropriate strength, 
the whole being interconnected as shown in the diagram. If 
now current be allowed to flow from the batteries through the 
coil, S, and bar, PQ, connected in series therewith, we have a 
drop of potential along the bar. If C^ be a galvanometer in- 
serted in the circuit through which flows the current due to 
the difference in potential between the center and the periphery 
of the rotating disk, and if the terminals of that circuit be 
attached to the bar, PQ, at the points X, F, with the positive 
terminal nearest the positive end of the bar, the distance between 
^and r" may be varied until the galvanometer shows that no 
current is flowing through the disc circmt, in which circum- 
stances the E.M.F. supphed is of course equal to that due to the 
difference in potential between the pointe X and Ton the bar. 
Write: 

R = resistance between JC and Y, 

J = current flowing through the coil and the bar, 

M = coefficient of mutual inductance between the 

coil and the disc, 
n = the speed of revolution of the disc, 

J! = the E.M.F. set up in the disc, 

then E = MIn 

By Ohm's law, the difference of potential between the points 
X and T on the bar equals BI, and by hypothesis this also 
equals the E.M.F. in the disc, 

hence, H = MIn = RI, or R = Mn, 

The resistance between the points X and T can therefore 
be determined directly by calculation from the geometrical 
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STANDARDS OF RESISTANCE. 9 

dimensions of the apparatus and £rom measurement of the 
speed of rotation of the disc. 

It might seem that it would be a very simple matter to 
measure resistance in this way, but as a matter of fact it is 
extremely difficult to determine the dimensions of the apparatus 
with a sufficient degree of accuracy, and almost impossible to 
measure the speed of rotation as closely as is necessary for 
accurate work. These physical difBculties are so great that, we 
understand, what is probably the only Lorenz apparatus on 
this continent has remained idle for years because no one who 
has access to it has sufficient leisure or sufficient mechanical 




skill to get from it results that can be considered as accurate 
as those derived from a mercury standard. 

Metallic Alloy /Standards. 

Practically all commeixiial and the majority of laboratoiy 
standards of resistance are formed of wires or plates of high 
resistance, low temperature coef&cient, resistance alloy cali- 
brated by direct or indirect comparison with one of the stand- 
ards ali-eady described. Fortunately, as will be demonstrated 
later on, electrical resistance can be measured with the highest 
degree of accuracy more easily perhaps than any other electrical 
quantity or property, and there are numerous reputable manu- 
facturers who are prepared to supply secondary standards 
guaranteed to be correct within one fiftieth -or even one one- 
bundiedtb of one per cent, accompanied, if necessary, by a 
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10 ELECTRIC AND MAGNETIC MEASUREMENTS. 

certificate of this degree of accuracy from natiooal standardizing 
bureaus. As this degree of accuracy is more than sufficiently 
good for all commercial purposes, and the value of a properly 
constructed resistance is very stable, such secondary standards 
are in universal use in commercial work. 

The number of resistance alloys is exceedingly large and the 
number of trade names for them as varied. Platinum silver, 
an alloy of one part platinum with two parts of silver, is in 
extensive use for ^ne standards, as ia also manganin, an alloy of 
copper, manganese, and nickel. The latter alloy is preferable to 
the former in that it has a higher specific resistance and a lower 
temperature coefficient, but it is somewhat oxidizable and must 
be protected from atmospheric influences by gilding or varnish- 
ing, when in the form of small wires or thin sheets. German 
silver, an alloy of copper, nickel, and zinc, although frequently 
used in rough commercial resistances, is not suitable for stand- 
ards because of its comparatively high and somewhat uncertain 
temperature coefficient German silver is the name given to a 
great variety of alloys having the qualitative compositions just 
stated but differing widely in the quantities of ingredients. 
Appended Table II gives the properties of several common 
resistance alloys. 



AHof. 




MWC. 


per csBla. 




81, M2 
3f),8i)8 
21,143 
8,280 
67,148 
29.462 
Ifl,i«2 
41,731 
46,678 
4,641 
2,904 
8,847 
14,1)12 
3,887 


0.000243 

0.000822 

0.00143 

0.00124 

0.00127 

0.00201 

0.(X>0273 

0.00031 

0.0000 

0.002S8 

0.00381 

0,000897 

0.000646 

0.00200 


Pt 38%. Ag 66% 

Pt 80 %, Ir 20% 

Pt 90%. Rh 10% 

Au 00%, Ag 10% 

Mn 12%, Fe 80% 

Ni 4.36% 

Cu fi0%, Zn 30%, Nl 20% 

Cu84%,Mnl2%,NU% 

Al M%, Ag m, 

A) 91%, Cu 6% 

Cu 97%. Al 3% 

Cu87%, Ni8.7%A16.fl% 


Platinum Iridium 

Pl&Cinum Rhodium 


Mangauese SWel 




Platinoid 

Aluminum Silver 

Aluminium Copper 

Copper Aluminium 

Copper Nickel Aluminium 



Standards of resistance made of solid alloys take on different 
forms according to their resistance and the amount of current 
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STANDARDS OF RESISTANCE. 11 

that they are to carry. For accurate work they muBt be 
arranged to be immersed in oil hatha, which will keep all of the 
parts at a uniform temperature, which can be measured by a 
thermometer that is also immersed in the oil. We will not 
describe here the old British Association form of standard re- 
sistance, as this proved unsatisfactory because of the difficulty 
of determining exactly the coil temperature. The form adopted 
by the Reichsanstalt is shown in Fig. S. The leeistance wire, 
A, is heavily insulated with silk and soldered at its ends to the 
copper terminals, SB. The long loop made "by the wire then 



has its two sides brought close together and is wound spirally 
about the thin brass cylinder, C, as shown. This form of wind- 
ing makes the self inductance very small. The wire loop ifl 
purposely made of a somewhat higher resistance than that to 
which the standard is to be adjusted and is tben shunted by 
a fine resistance wire, whose terminals are likewise soldered to 
the ends of the rods, BB. If the fine wire has, say, one hun- 
dred times the resistance of A per unit of length, a change of 
one inch in its length will correspond to a change of one one- 
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12 ELECTRIC AND MAGNETIC MEASUREMENTS. 

hundredth of aa inch in the length of the main wire, and very 
fiue adjustments are thus made possible. 

The resistance unit as a whole is placed within a vessel, D, 
filled with oil, and the temperature is rend off by means of a 
thermometer placed therein. It ia common to supply also a 
stirring apparatus to keep the oil in circulation, and to insure 
that all of the parts are of the same temperature. 

Kesistance standards of a very low value in ohms are usually 
made of a size sufficient to carry a great deal of current witli- 
out overheatingj as they are ordinarily wanted to measure 
current in amperes by observing the potential drop in volts at 
their terminals when the current is flowing. Such resistances 
often take the form shown in Fig. 4, in which the resistance 
metal is in the shape of strips or ribbons instead of wires, 
electrically connected in parallel and sweated into heavy termi- 
nal blocks. The use of ribbons exposes a large surface to 
the air for ventilation, and the end terminals, by their heat- 
conducting properties, assist in dissipating the heat generated 
and BO keeping the temperature down. A not generally appre- 
ciated but very common source of possible error 
existing in resistances made in this manner is a 
difference of potential set up between tlie ter- 
minal blocks and the thin blades, by thermo- 
electric actioii. These potentials are opposite, 
and will neutralize each other if the tempera^ 
^^^^^^^^ tures at both ends of the resistance be the 
same, but if they be different, due, say, to de- 
^"^ *■ fective soldering of the blades at one end, there 

is a resultant E.M.F. at the terminals secured to the end blocks 
where the drop is measured which is superposed on the drop of 
potential due to the current flow, so that a measurement of the 
drop is no longer a correct indication of the current strength. 
This point is of practical, not merely academic importance, the 
writer having known errors in excess of ten per cent due to 
this cause. 

When a low resistance is to carry an extremely heavy current 
and it is undesirable to make the large investment that would 
be necessary for the air-cooled form just described, a water- 
cooled type is sometimes employed. Tliis often consists of a 
tube of the resistance metal equipped with appropriate terminals 
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STANDARDS OF RESISTANCE, 13 

for connection to the current circuit, and with nipples to which 
rubber tubing may be attached, and a stream of water at a fixed 
temperature Itept constantly flowing. With this expedient the 
amount of current that can be handled by the resistance may 
rise as high as 15,000 amperes per square inch cross-sectional 
area of conductor without danger of overheating. 

Where the resistance standards are to be of high value, say 
10,000 ohms or more, the currents that they are to carry are 
usually very small and give little 
trouble from heating. The re- 
sistances are then formed of very 
fine long alloy wires wound on 
spools, as in the case of the Reich- 
sanstalt form above described, but 
several layers deep. For exact 
work they too must be immersed 
in oil, both to keep the temperar P'°- s- 

ture uniform throughout and in order that the temperature may 
be measured ; but for commercial work of moderate accuracy 
this is superfluous, A convenient form of high-resistance box, 
shown in Fig. 5, contains four coils of 10,000, 20,000, 30,000, 
and 40,000 ohms respectively. The coils can be used sepa- 
rately or in any desired combination to give a resistance of from 
10,000 ohms to 100,000 ohms 
by steps of 10,000 ohms value. 
With still higher resistances 
it becomes necessary to take 
special precautions in insular 
ting the coil terminals from 
each other, as otherwise the 
resistance of the path between 
^'o- •■ tiiem offered by a semi-con- 

ducting film of moisture becomes comparable to that of the 
coils and seriously affects the accuracy. 

A resistance box, containing resistances that may be coupled 
together to give a total resistance of 1 megohm and provided 
with special insulating terminals, is shown in Fig. 6. In this, 
as will be noted, the contacts are supported on tall hard rubber 
blocks that greatly increase the length of tlie surface between 
adjacent contacts over which leakage may take place. This 
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particular box is arranged in ten groups of coils of 100,000 
ohms resistance each, which may be interconnected either in 
series or parallel or any combination of series and parallel. 
The rubber blocks are so drilled that they do not touch the 
rods connected with the resistance coils except at the top, thus 
giving a very long leakage surface. 

Such wire resistances of high value are naturally very ex- 
pensive, and the extreme fineness of the wires frequently causes 
ti-ouble, because tliey may become corroded, due to the presence 
of a small trace of acid or something of that kind. For this 
reason a resistance made of carbon, often in the form of a 
streak left by a soft pencil when drawn over ground glass, is 
frequently employed when a resistance having a value in the 
order of a megohm is to be constructed. Such a resistance is 
shown in Fig. 7. The 
" carbon megohms " are 
not celebrated for their 
constancy, however, and 
it is always advisable be- 
fore using one to compare 
It with a wire standard 
having a resistance of 10,000 ohms, or preferably of 100,000 
ohms value by one of the metliods to be described presently, in 
order to detei-mine that it has not deteriorated, 

CURRENT STANDARDS. 
The Voltameter. 
In the definition of the ampere given on p^e 2 there is 
stated the method of determining the ampere by means of the 
silver voltameter. This device, however, is but seldom used 
outside of a lalwratory, both for the reasons named and because 
the cost of the materials entering into its construction, when of 
a size suitable for measuring currents of some magnitude, is 
almost prohibitive. The copper voltameter, in which the two 
electrodes are of cop|)er, and the solution of copper sulphate, 
gives, when handled with reasonable skill, results that are more 
than sufficiently close for all commercial purposes. The copper 
voltameter is easier to manipulate, and the deposit on the plate 
through which the current leaves the device is strongly ad- 
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herent ; whereas in the silver type the deposit is veiy apt to be 
loose enough to be washed off when tlie platinum bowl is being 
cleaned preparatory to final weighing, unless a very large sur- 
face has been allowed per unit of current. The copper volta- 
meter can, further, be satisfactorily used with current density, 
namely, current per unit of area of plate surface, about five 
times as great as that permissible in a silver voltameter, so the 
fom)er type is much more compact. 

A serviceable copper voltameter may be made as follows : 
A containing vessel, usually of glass, is selected of sufficient 
size to hold all the plates. Into this is poured a solntion of 
sulphate of copper made by dissolving crystals of pure 
sulphate of copper in distilled water, with the addition of a 
small amount (about 1 per cent), of sulphuric acid. It is 
essential that the solution should be sufRciently acid to turn 
blue litmus paper red. The solution should have a specific 
gravity of about 1.15, but this may be as low as 1.1 or as 
high as 1.2 without vitiating results. The voltameter plates of 
pure electrolytic copper are immersed vertically in this solution. 
The plate through which the current leaves the voltameter 
must be carefully cleaned, dried, and weighed before being 
placed in the cell, in order that the gain in weight may subse- 
quently be determined, and the strength of the current flowing 
calculated therefrom. Where large currents are to be handled 
several positive and negative plates may be used to advantt^e, 
they then being interleaved like the plates in a ston^e battery 
cell. No more than one ampere per 10 sq. cm, of surface 
should be passed out of the negative plates, namely, the ones 
through which the current leaves the voltameter, and the posi- 
tive plates, through which the current enters, should afford 
twice this area for the same current. The copper plates should 
preferably be arranged with one or two short strips or Ings left 
attached above, so that the current may be led to and from them, 
instead of leaving the whole plate width to emerge through the 
surface of the solution, and these lugs should be of as small an 
areaasisconsistentwith their properly performing liieir functions. 
All comers and edges of the copper plates should be rubbed off 
with sandpaper before the initial measurement is attempted. 
Where very laige currente are to be handled the plates may be 
corrugated, so as to present a larger area for a given sized plate ; 
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but in tiiia event it is more difficult to determine with certainty 
that the plates are clean and in condition for use before being 
placed in the voltameter. 

The copper voltameter gives results that are dependent both 
on the temperature of the aolution and on the current density 
employed. The following Table III, taken from the Elec- 
trician, London, gives the electrochemical equivalent of copper 
for various conditions of temperature and current density, and the 
values there given moat be used if accurate results are to be had. 

TABLE HI. — Falues bu Meiklt. 



SqUHreOentl- 
ineter of Cathode 


■ Tsmpentnre. 


12= C. 


23° C. 


2rc. 


60 
100 

160 
200 
260 
300 


.0008288 
.0003288 
.000.5287 
.00rj3286 
.0003283 
.0003282 


.0008286 
.000.'i283 
.0003280 
.0003277 
.0003275 
.0003272 


.0003286 
,000.1281 
.000.*i78 
.0003274 
,0003208 
.0003202 



All voltameters are more or less objectionable for use in 
determining the ampere, for two reasons. First, they are 
merely more or less reproducible copies of a device which the 
International Congress thought suitable for the accurate meas- 
urement of current strength, but which does not involve determi- 
nation from fundamental physical units. Second, they involve, 
in addition to the element of current strength, that of time, and 
a current must be kept of strictly uniform value for a consider- 
able period in minutes in order to obtain results. In other 
words, the voltameter gives the average value of the current 
ttiat has been flowing through any circuit for a given length of 
time, but does not show the instantaneous values. 

The Tangent Q-alvanometer. 

The definition of the absolute unit of current strength states 
that this is represented by a current of such value that when 
passed through a conductor having a length of 1 cm. bent into 
the shape of an arc of a circle having a radius of 1 cm., it will 
attract or repel a unit magnetic pole placed at the center about 
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which the radiua is drawn with a force of 1 dyne. It is hardly 
feasible to make an instrument for the absolute measurement of 
current I>a8ed on this principle, but the unit may be derived 
from fundamental measurements of length, mass, and time in 
other ways. 

One of the oldest devices for the accurate determination of 
current strength is the tangent galvanometer, which is an instru- 
ment in which a mt^netized needle assumes a position deter- 
mined by the resultant of the action thereon of the earth's 
magnetic Held at a given point, and the magnetic iorce due to a 
coiled conductor through which Bows an electric current. The 
strength of the earth's magnetic field at any point may be deter- 
mined to practically any desired degree of accuracy by means of 
a cumulative method, which need not be enlarged upon here. 
By suitably proportioning the diameter of the coil of wire to the 
length of a magnetized steel needle suspended at its center so 
as to be freely rotable, the force with which the current tends to 
deflect the needle by reason of the magnetic field surrounding 
the conductor will vary in direct proportion to the strength of 
the current. 

Without going too deeply into theory the action may be 
understood from the following : In Fig. 8, let the length at ihe 
line, OA, represent the magnitude of the force q „ 

due to the earth's mf^netisin tending to re- " 
strain the needle, and the direction of the line 
represent the direction in which it tends to 
bold it, and let the line OB, in a similar man- 
ner represent the magnitude of the force ex- 
erted on the needle by the current flowing 
through the coil and the direction in which 
it tends to hold it. This direction is made 
to be at right angles to OA, by placing the 
tangent galvanometer in such a position that 
the earth's field holds the needle at right 
angles to the plane of the coil when no current ^ 
is flowing. From the law of the parallelogram ^ 
of forces the resultant of the two forces, OA ^"^ ^ 

and OB, acting on the needle will cause it to assume the direc- 
tion AB. 

OB, representing the strength of the current, is the tangent 
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of the angle OAB through which the needle haa moved, and 
therefore the tangent of the angle of deflection of the needle is 
a measure of the current strength. The strength of the m&a- 
netic needle is of no consequence, as, if it were increased, the 
action on it of the nu^netic field due to the current and that of 
the earth's field would be increased alike, and if decreased, 
decreased alike, the angular deflection remaining the same for a 
given current as long as the strength of the eardi's field remains 
constant. 

Tangent galvanometers are of value in that they enable us 
to derive fundamentally the unit of current strength ; but they are 
in very limited use, as we have forms of secondary standards of 
SHtisfactory accuracy and more convenient o£ manipulation. 
Moreover, it is necessary to place tangent galvanometers in very 
inaccessible locations in order that the directive action on their 
needles due to the earth's field may not- be seriously and con- 
stantly disturbed, ia ever changing degree, by the other magnetic 
fields due to electric currents such as are in use in every civilized 
community. 

The Ampere Balance. 

A different class of apparatus in wide use as a standard for 
the measurement of electric current is the ampere balance, the 
most generally known example of which is that invented by 
Lord Kelvin. While this must primarily be calibrated with the 
aid of a silver or copper voltameter, or a tangent galvanometer, 
it contains no parts liable to chan^ under proper usage, and 
has the great advantage that it indicates the current's strength 
at every instant, not the product of the average current by the 
time that it has been flowing as in the case of the voltameter. 
It is, further, simple of manipulation considering that it is a stan- 
dard. The apparatus is based on the well-known law that cur- 
rents flowing- in the same direction in parallel adjacent conduc- 
tors attract each other, and those flowing in opposite directions 
in parallel adjacent conductors repel each other, and tliat the 
forces of attraction and repulsion at a given fixed distance are in 
direct proportion to the squares of the strength of the currents. 

It is evident that in an apparatus embodying this principle 
one of the conductors must be freely movable in order that 
any tendency to change in relative positions may at once be 
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observed by suitable means and equilibrium reatored by the 
application of appropriate restraining forces. There is some 
difficulty in providing a means for making electrical connection 
with a movabie conductor which will carry considerable current 
and at the same time be perfectly flexible. In the Kelvin 
apparatus tliis problem was solved as follows : Referring to 
the diagrammatic perspective in Fig. 9, T and 7" are pairs of 
semi-cylinders of brass, the upper ones of which are rigidly 
secured to the base frame of the instrument. To the upper 
surfaces of the upper pairs far back from the edge are sold- 
ered a large number of exceedingly fine copper wires, which 
ape combed out to be parallel with each otJier and then led over 
the rounded surfaces of the upper semi-cylinders, across the 




short gap separating tliem from the lower semi-cylinders and 
nearly around the latter where they are finally soldered in place 
in a similar way. These fine wires, or ligaments as they are 
called, serve both to sustain tlie movable conductor and as a 
means of conveying the current. Their flexibility alone would 
enable tlie coils of wire, M3r, to swing about the point of sus- 
pension with perfect freedom ; but making the surfaces cylin- 
drical gives an additional factor of nssuritnce that there shall 
be no restraining due to the bending of the hgauients, in that 
the cylinders allow a kind of rolling motion which greatly 
decreases any opposition to motion that tiie almost inappreciable 
rigidity of the ligaments might tend to offer. 

Having now a pair of coils, MM', at the opposite ends of a 
freely suspended lever and through which current may be 
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pEtssed, all that 13 necessary in order to have the elements of a 
complete measuring instrument is a set of stationary coils simi- 
lar to the freely suspended ones and placed parallel thereto, to- 
gether with a suitable measurable restraining force to Iteep tha 
movable coils in a position of equilibrium when current is passed. 
In the actual instrument, two stationary coils are used in con- 
nection with each movable one ; all being interconnected so that 
at the righthand end of the apparatus the i-eaction between the 
upper stationary coil and the movable one tends to move the 
latt«r in one direction and the lower stationary coil assists in that 
action, the stationary coils on the other end of the apparatus 
being coupled in a reverse manner, the sum total of all of the 
efforts thus being to cause the lever to go downward at one end or 
the other. In the figure, the connections are such that the left- 
hand end of the balance tends to rise when current is applied. 
As the direction of current flow is opposite in the two halves of 
the instrument, it can be seen that if the whole apparatus is 
placed in a uniform magnetic held, such as the earth's Held, the 
results will not be vitiated; as any tendency to a decreased or 
increased effort on one arm of the balance, because of tiie pres-' 
ence of that field, is offset by the decreased or increased force 
exerted by the other half. An apparatus that is made indepen- 
dent of the influences of outside magnetic fields, by composing 
it of halves equally and oppositely affected by such fields, is said 
to be astatic. 

The measurable restraining force applied to hold the movable 
element of the balance in a position of equilibrium is supplied 
by a movable weight, whose distance from the fulcrum of the 
balance arm is adjustable. An index finger is attached to the 
movable element, so that its position relative to a fixed mark 
may be observed and tlie fact that equilibrium exists established. 
These details are shown in Fig, 10 where lis the index finger, 
D the fixed scale, and M tlie movable weight sliding along the 
movable arm, P. Only one of the tmnious, T, supporting the 
movable ann is shown. It will be noted from the illustration 
that the apparatus is provided with two scales, one of them 
having equally spaced divisions and the other in which the 
spaces between the scale markings progressively increase in 
size from zero on. The equal scale shows the distance that the 
movable weight, R, has been moved and the non-equal one, the 
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current's strength, which can thus be read off directly from 
the position of the weight. It will be noted that the zero of 
the scales is not in the center, as would be the case if the ordi- 
nary inechanical balance arrangement were employed, but at 
the extreme left-hand end. This feature is made possible by 
the following plan : At the right-hund end of movable element 
there is secured the trough. A, in which is placed a certain 
definite weight that is just sufficient to counterbalance the 
weight of the movable piece, M, when that piece stands at zero 
OR the scales. During that part of the path of R included 
between the zero and the point opposite to the fulcrum, R is 
opposed to. the weight placed in A, and their difference is the 



foree balancing the pull of the current. At the center of the 
scale, the opposing force is that due to the weight in A only, 
and from that point on to the extreme right-hand end of the 
scales that due to the sum of the moments (weight times dis- 
tance from the fulcrum) of R and A. The scale tliat is not 
equally divided is attached to the stationary portion of the 
instrument, and from it ami^re values may be read off directly. 
The equally divided scale is part of the movable balance arm, 
and is supplied because it is easier to estimate correctly the 
value of a fraction of scale division when sU divisions are of 
uniform value than of a division in a series which is progressively 
increasing or decreasing. The latter scale is used only when 
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exact measurementB are to be made, and the value of the cur- 
rent then computed with the aasiatauce of tables that come with 
the instrument and which give the doubled square roots directly. 
The balances are provided with glass covers to shield them 
from draughts, and the movable weight, M, is slid along the 
balance arm through the aid of a carric^e, S, which may be oper- 
ated from outside by means of silk cords, C^^*, the whole being so 
arranged that no part of the weight-moving device is in contact 
with the weight when the cords are released, thus obviating any 
chance of error due to friction between the pusher and the 
weight. These balances are made in a variety of sizes suitable 



for measuring currents as low as .025 amperes to as high as 
2500 amperes. They are particularly valuable in that they 
may be used to measure alternating currents as well as direct 
currents, the wire windings in the large sizes being composed 
of cables of many fine insulated wires in parallel, so as to insure 
proper and uniform distribution of current irrespective of 
inductive influences. 

It has become of late the fashion in some quarters to ridicule 
the Kelvin balances because they are somewhat tedious to 
manipulate as compared with direct reading meters of commer- 
cial patterns to be described in a latter chapter, because they 
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ate Dot portable, and because it takes some time for a balance 
to be obtained, as the period of oscillation of the movable element 
is very long, approximately three or four seconds. It is true 
that all of these objections exist ; but, on the other hand, the 
apparatus contains no parts liable to change, except the windings 
themselvea, which might deteriorate if heavily overloaded, they 
have exceptionally long scales, they are astatic, and good on both 
direct and alternating current. The latter quality renders them 
specially valuable in the accurate measurement of alternating 
current by transfer methods and in the calibration of alternating - 
instruments. 

Other forms of balances have been devised from time to time, 
notably, the Pellat balance, shown in Fig. 11. In this there is 
but one stationary and but one movable coil which are arranged 
at right angles to each other. The current is led into and out 
of the latter through fine spirals of silver, which afford but little 
opposition to its movement, and a scale pan with weights is 
used to supply the restraining force. 

The Potentiometer. 
Another method of accurately measuring a current is to pass 
it through a known standard resistance and measure the re- 
sultant drop in potential. If the current is continuous the 
most suitable instrument for this method of measurement is 
the potentiometer. As a special chapter (see page 73) has 
been devoted to this instrument and its uses, ^e reader is 
referred to it for a description of this very satisfactory method 
of current measurement. 

ELECTROMOTIVE POKCE BTAin>ABD8. 

Determination hy Drop of Potintvd. 

The definition of the volt suggests a practicable method of 
establishing this unit. We have only to pass a current of 
known strength through a known standard resistance when the 
difference of potential at the terminals of the resistances can be 
calculated from Ohm's law, E = RL In measuring E.M.F. m 
this way, it must be borne in mind that unless the device that 
indicates the volt^e is of practically infinite resistance, R in the 
formula is not the resistance of the standard resistance coil but 
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liiatof the circuit formed by the coil shunted by the measuring 
apparatus attached taits termiuals. In Fig. 12 herewith, let B 
represent a source of currcDt, and A represent a balance or other 
device for accurately measuring the current strength, R the 
standard resistance, whose value may be assumed to be one ohm, 
and V tlie device that indicates the voltage. When V is not 
attached to It, the difference of potential between the terminals 
rand r" of the latter, when one ampere is flowing, is from Ohm's 
law, one volt Assume that the resistance of Vis 49 ohms. If 
this is now connected to the terminals of R, the resistance be- 
tween the points r and r' is no longer 1 ohm, but from the law 
of divided circuits (see page 93) ,98 ohm, and the difference of 
potential with one ampere flowing .98 volt instead of one Yolt, 

+ B _ , A 



or an error of 2%. Therefore, if F" is of a resistance compara- 
ble with that of the standard resistance coil, the value of its 
resistance must be known and allowed for, in accordance with the 
above illustration. With the aid of the potentiometer, measure- 
ments may be made without necessitating this correction, as will 
develop later in the chapter devoted to this instrument. 

Standard Celh. 
The Clark Cell. — According to definition the International 
volt is an E.M.F, whose value is represented with auflicient ac- 
curacy for pnictical purpases by jJ^J of the E.M.F. between 
tlie terminals of the battery known as tlie "Clark Cell." The 
Clark cell is one in which the negative electrode is a pure zinc 
rod or amalgam of zinc and mereury, the positive electrode pure 
mercury, and the electrolyte a saturated solution of pure mer- 
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curous sulphate and zinc sulphate. Many precautions must be 
taken in the preparatiou of the raaterials forming this cell so that 
they may he of sufficient purity, and eonaiderable skill is re- 
quired in putting such a cell together. As they may be pur- 
chased from numerous manufacturers who have the requisite 
facilities, the detailed instructions for constructing them will 
not be given here. Those who are interested may refer to the 
report of the International Congress which selected the cell as 
a standard, or tlie fairly complete abstracts which will be found 
in Fleming's " Handbook for the Electrical Laboratory and 
Testing Kooni," Carhart's " Electiical Measurements," etc. 
The cell is usually set up in small glass tubes having a diame- 
ter of about g of an inch and a depth of 1^ to 2 inches, the 
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elements being often arranged as shown in Fig. 13. This is 
the original form of the Clark cell, and is objectionable for tlie 
following reasons: It is not portable, as its inversion would 
cause the mercury to contaminate the zinc, the electrolyte must 
be kept concentrated, and when the temperature rises it takes 
a considerable length of time fur the solution again to become 
saturated. The latter fault is particularly serious, as it means 
that there is a 1^ of several hours, or perhaps days, before tlie 
E.M.F. wilt correspond with that of a normal cell at the new 
temperature. 
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To insure that all portions of the cell may quickly attain any 
new temperature, Mr, Hamilton has adopted the expedient of 
precipitating chemically a thin film of silver on the outside of 
the glass containing tube and then heavily plating this coating 
witli copper. Copper, of course, is an excellent heat conductor, 
and since it is in auch intimate contact with the glasa, the 
attainment of a new temperature throughout the cell is greatly 
accelerated. 

The difficulty due to the presence of a lai^ mass of free 
mercury may be overcome by the use of an electrode which con- 
sists of a flattened spiral of platinum wire amalgamated, either 
by electrolytic methods, or by heating to redness and plunging 
into mercury. By virtue of capillary attraction this spiral will 
take up and hold enoi^h mercury between its convolutions to 
make it an excellent electrode. It performs its function so well 
that the tube may be inverted or even sent through the mails 
without shaking any of the mercury loose. The use of such 
amalgamated spirals is due to Dr. Muirhead. A cell of this 
form, according to the International Congress, has an E.M.F. 
of 1,434 true volts. If, however, we use the later and more 
generally accepted chemical equivalent of silver, .001119, in- 
stead of .001118, as used by the said Congress in defining the 
value of the ampere, the E.M.F. of the Clark cell is 1.4327 
volts, a value which is now used abroad and is probably more 
nearly correct 

Another 'form of cell better than the original Clark cell is a 
modification devised by Professor Callender, which is often 
called the Inverted Clark Cell. In this the order of the ele- 
ments entering into the construction is reversed and the lag 
bet\veen the temperature of the cell and the E.M.F. is nearly 
absent. 

The CarhartrOlark Cell. — The Carhart-Clark cell, a form that 
is widely used in this country, is shown in section in Fig. 14. 
The figure shows a globule of metallic mercury used for one pole, 
but it is not uncommon to use the amalgamated platinum spiral 
described above. The paste of mercurous sulphate is separated 
fr.im the zinc by a wad of asbestos on which the zinc rests. 
The most important change from the original Clark form is 
in the use of a zinc sulphate solution that is not kept saturated 
at all temperatures, but on the contrary is saturated only when 
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Hie temperature falla to 0° C^ at whieli temperature no oell is 
ever used in practice. No lame ia theiefoie expended in wait- 
ing for the solution to become satu- 
rated if the temperature should riae, 
and there is no consequent increase 
of solution density that lowers the 
E.M.F. This cell not only responds 
far more quickly to temperature 
changes, but has a lower temperature 
coefEcient which figures out just 
about one half of that of the original 
Clark form. Professor Carhart gives 
the formula connecting tiie temperar 
ture and E.M.F. as 

E, = 1.440 { 1 - .0004 (( - 15) ) . 
this being correct at temperatures 
around 15° C. 

A drawback to these and all other standard cells containing 
non-saturated solutions is that, if improperly sealed, the evapora- 
tion of the liquid causes a change in concentration, with a 
resultant change in E.M.F, 

Cadmium CelU. — The comparatively high temperature coef- 
ficient of the Clark cell led many experimenters to investigate 
other combinations that would be equally reliable, but in 
which this drawback would be less prominent. The best is 
probably that patented by Weston (U. S. Patent No. 22,482 
of 1891). It is similar in all respects to the Clark cell, except 
for the fact that cadmium is used instead of zinc and cadmium 
sulphate instead of zinc sulphate. According to the specifica- 
tions, this cell has a temperature coeEQcient of but .018 per cent 
per degree C, this being only one fourth of the temperature coeffi- 
cient of the Carhart-Clark cell, and one eight of that of the original 
Clarkcell. ItsE.M.F. i8givenasl.019 volta. The Reichsanstalt 
in Berlin have carefully tested this type of cell and recommend the 
form shown in Fig. 15. Its H-shape ia that suggested in 1 885 by 
Lord Rayliegb for the Clark cell, and frequently used for that 
purpose. The preparation of the materials and the assemblage 
of the cell calls for the same minute observation of details, as 
is the case with the Clark cell in any of its forms. 
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Care and Use of Standard CeUs. — Staadard cells form a most 
valuable basis for the accurate meaBurement of potential and 
current for both laboratoty and commercial conditions, and they 
should be more generally used than they are. It is not recom- 
mended that the user attempt to make his own, in fact the 
results in that event would probably be very unsatisfactory, 
but the cells themselves, as before stated, can be easily and 
inexpensively purchased in many quarters. They are by no 
means the delicate fuasy devices that they have somehow the 
reputation of being; on tiie contrary, they are really very 
ru^ed and will stand an incredible amount of misuse without 
injury. The writer has even known of one being dead-short 




circuited for an appreciable interval, certainly as long as two 
minutes, after which the potential, although at first far below 
normal, rapidly rose, and after the expiration of several hours 
again became normal. The power of the form in which the 
amalgamated platinum spiral is used to withstand tumbling 
about has already been mentioned. 

It must always be borne in mind that these standard cells 
give their stated E.M.F. only on open circuit, namely, when not 
delivering any current When, tlierefore, tliey are attached to 
the terminals of a commercial form of voltmeter (all of which, as 
explained further on, require current for their operation), tlie 
resulting indication will be meaningless. Students seem to be 
particularly prone to attach a standard cell to tlie low-reading 
coil of a commercial voltmeter having a resistiince tliat is almost 
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as low as that of the cell itself, witli the result that the volta^ 
iadicated by the instrument will steadily and rapidly continue 
to fall until nearly zero because of tiie polarization due to 
the current output that is demanded. To guard against this 
abuse it is usual to build into the base of the case containing a 
standard cell, such as is shown in Fig. 16, a high resistance of a 
value of at least 10,000 ohms, connected permanently between 
one battery terminal and its binding post, so that it is im- 
possible under any circumstances to dead-short circuit the 
apparatus. 

The device that is almost always used for determining E.M.F. 
in terms of tiie E.M.F. delivered by a standard cell is the poten- 
tiometer. With this the E.M.F. is 
measured when the cell is not deliv- 
ering current ; all of which will be 
explained in greater detail in the 
chapter devoted to that instrument. 

The Daniell Standard Cell. — In 
the- event that a Clark cell is not 
available, the ancient and honored 
copper, copper sulphate, zinc sulphate, 
and zinc Daniell cell can be made up 
as a standard having no mean pre- 
tension to accuracy. To make one 
there is required a glass-containing 
vessel, usually an ordinary batter 
jar, a small porous cup (say two 
inches in diameter by four inches 

deep), a rod of commercially pure zinc carefully cleaned with 
sandpaper and subsequently amalgamated with mercury, a strip 
of pure electrolytic copper of any convenient dimensions (say 
one inch broad and five or six inches long), a solution of 
chemically pure zinc sulphate of a specific gravity of 1.200 
(555 parts by weight of zinc sulphate crystals to 445 parts 
of distilled water will give this density), and a saturated solu- 
tion of chemically pure copper sulphate in distilled water with 
the copper sulphate present in excess. Both the zinc rod and 
the copper strip must, of course, be provided with suitable 
terminals for ^e attachment of the circuit wires. It is 
advisable to plate the copper strip with a coating of electro- 
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lytic copper just before usiDg it, either by making it the 
anode in a regular plating bath or by short circuiting the cell on 
itself, in which case the copper plate becomes automaticaUy- 
coated with electrolytic copper. 

The copper strip is placed in the porous cup and the cup is 
almost filled with the copper sulphate solution. The porous cup 
is then placed in the glass-containing 
. Jar and the zinc solution poured around 
it until the level of its surface is prac- 
tically on the same plane as the level of 
the copper sulphate in the porous cup. 
The zinc rod is then placed iu the zinc 
sulphate solution, and the cell as a whole 
is ready for use. 

Such cells have an E.M.F. of 1.072 
volts, and are of extremely low internal 
resistance so that they may furnish an 
"**• ** appreciable amount of curreut. They 

do not polarize readily, and have a very low temperature coeffi-_ 
cient. With reasonable care in selecting fhe materials, these 
cells may be relied upon to be accurate within about one fifth of 
one percent A cell of this kind is shown in section in Fig. 18. 
Electrostatic Voltmeters, 
Referring to Fig. 19, if aa be two box-shaped metallic 
sectors, bb a movable paddle-shaped conductor, and a 
diiference of potential be ap- 
plied between conductors at- 
tached to the two, we have 
the following conditions : 

The instrument is a con- 
denser, the double-ended sec- | 
tor, bb, forming one coating, ' 
the dielectric being air and 
the outer coating being the 
stationary sectors, aa. When fiq. ib. 

the difference of potential is applied between the inner 
and outer coatings, the former, being movable, tends to 
rotate with a force proportional to the potential about 
its axis, e, in order that it may place itself in a posi- 
tion where the capacity of the condenser is a maximum; 
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in other words, to turn until it is completely enshrouded by 
aa. This force is resisted by the totsional elasticity of the 
metallic suspension fiber, e, and t^e resiilting deflection is 
therefore a measure of the applied voltage. 

Instruments for the measurement of E.M.F., based on this 
principle, are called electrostatic voltmeters or elecb^meters. 
Although they are in somewhat common use abroad they are 
not as well known or as much relied upon in this country as 
standards for the measurement of potentials. 

The deflectional forces are small as compared with those 
existing in some other types of instruments, so it is necessary 
to suspend delicately the moving element, and even then they 
cannot be used for the measurement of very low potentials. 
On the other hand, they are entirely independent of tempera- 
ture, can be used on either direct or alternating current, are not 
influenced by magnetic fields, consume no current, and, in fact, 
with the exception of tlie possibility of an error caused by 
adjacent electrostatic influences (from which, however, it is 
possible to shield them by a grounded metallic casing), their 
deflections with a given potential depend only on their geometr 
rical dimensions and the elasticity of the suspending fiber. 
The latter can be made a very constant and reliable quantity 
by selecting a length of the fiber such that ihe stress in it, due 
to its being twisted, is but a small fraction of the limit of 
elasticity. Electrostatic voltmeters may therefore he made as 
acceptebly reliable standards. 

Where tlie voltages to be measured are comparatively low, of, 
for instance, an order of 100 volts, sufficient deflectional force 
is obtained by superimposing several sets of charged rotatable 
vanes swinging between a corresponding number of stationary 
charged plates. Instruments so constructed are multicellular 
electrostatic voltmeters, and one of them of a commercial type 
is shown in Fig. 20, this being an illustration of the Kelvin 
meter. In this, voltage is indicated by a needle that sweeps 
over a suitably graduated scale, and the indications are damped 
by a disk attached to the movable portion and moving in a 
vessel containing oil that is inserted in the lower part of the 
instrument, as shown by the partially broken away part in the 
figure. In the laboratory standard tj'pe of this instrument, a 
small mirror is attached to the moving system, and by means of 
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a beam of light thrown on it and reflected to a fixed scale, the 
equivalent of a very long needle is obtained, wtiich enaUes one to 
read the indications with a high degree of accuracy. The Board 
of Trade standard laboratory in London has a set of electrostatic 
voltmeters of this class, one of which is shown in Fig. 21. These 
have no numerically divided scales, but only two reference hnes, 
one of which shows the position of the moving element when 
no current is applied, and the 
other when a certain potential, 
such 83 100, 500, 1000, etc., 
volts, is applied. In the illus- 
tration the metallic hood cov- 
ering the instrument is shown 
as removed and placed at one 
side of the apparatus. To 
shield against foreign electro- 
static charges this cover when 
in place is grounded. Tlie in- 
dications of this instrument also 
are damped by means of an oil 
cup. It is claimed that the 
electrostatic voltmeters at the 
Board of Trade laboratory give 
indications that are accurate 
within one part in 3000. 
Volt Balance». 
From Ohm's law, the current 
passing through a circuit is di- 
rectly proportional to the voltage 
—^ _ applied, if the resistance of the 

circuit be kept constant. If, 
therefore, we take any currentKionauming instrument that would 
ordinarily indicate amperes, having a resistance sufficiently high 
so that the current drawn would not pull down the E.M.F. of 
the source to be measured, or to heat the conductor forming the 
instrument sufficiently to alter its resistance, the indications of 
the instrument will vary in proportion to the applied voltage, 
and the scale may be divided to read volts instead of amperes. 
The Kelvin Centiampere Balance, designed to measure cur- 
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lents varying in value from .01 to 1 ampere, is frequently 
used as a standard voltmeter on tiiis principle, by insertii^ 
in series with it a properly adjusted known high resistance, 
that may be obtained from the makers. The value of the re- 
sistance is made such that the values indicated by the movable 
rider on the balance indicate volts directly, or else some simple 
multiple, such as one half, one tenth, etc., of the numerals in 
volts. The measurement of potentials in this way depends, as 
above stated, on the assumption that the resistance of the in- 
strument remains constant during the test. As copper, the 
material of which the wire coils of the balance are formed, has 
a re»8tance that varies quite markedly with a change in tem- 



perature, it is necessary, where accurate results are required, to 
correct for such changes of temperature. For this purpose, 
the temperature is observed by a thermometer, which is inserted 
as close as possible to the coils. 

STANDARDS OP CAPACITY. 
As has been stated on page 4, capacity is the property by 
virtue of which two electrical conductors, insulated from each 
other, will store up a quantity of electricity, if a difference of 
potential be applied to them. The amount of charge depends 
on the area of the opposing surfaces, on the distance between 
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them, and the nature of the interrening medium ; namely, 
whether this be air, glass, mica, or paper, or any other sub- 
stance. Such a device for storing up an electric charge is called 
a " condenser." 

Condensers that are to be used as standards are oft«n con- 
structed so that the dielectric intervening between adjacent sides 
is air, and the spacings between the plates are kept constant 
by a rigid mechanical construction. The capacity of such 
standards is determined by measurements involving the ele- 
ments of current strength and time in one of the ways de- 
scribed in Chapter VIII, and may then be used for purposes of 
comparison. The construction of the standard Kelvin air con- 
denser is shown in Fig. 22. 

Condensers in which air is the dielectric are bulky because 
of the mechanical construction, and heavy because the plates 




must be made thick enough to support themselves. It is possi- 
ble to make a form which is as satisfactory as regards perma- 
nence, and far lighter and more compact, by using mica as the 
dielectric. The ordinary construction in such cases is to make 
the conductors of strips of tinfoil with mica plates intervening. 
However, unless the pressure holding this aggregation of mica 
and tinfoil assembled together is kept rigorously constant, 
the capacity will vary, due to the fact that the dielectric 
between the adjacent tinfoil coatings is a varying thickness 
of sir and mica instead of a constant thickness of mica alone. 
To minimize trouble on this score, tlie condensers are usually 
well soaked in paraffine, which effectually prevents the entrance 
of air and makes a more or less solid mass. A much more 
satisfactoiy expedient, however, is that used by Mr. Hamilton, 
in which a t^in film of silver is chemically precipitated upon. 
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and strongly adheres to the mica plates. The costings on each 
8ide of a plate, with the intervening mica, form a condenser 
of small capacity. By assembling a sufficiisnt number of these 
small condensera in one case, and interconnecting them, a con- 
denser of any required capacity may be formed. The final ad- 
justment is made by utilizing the fact that the sheets of mica 
Taiy in thickness, and consequently the capacities of the difFer^ 
ent elements are different, together with the principle that 
series connection of two or more elements reduces the capacity 
of the whole. Having some extra elements, a few substitutions 
of thick for thin ones, or vice versa, will bring the capacity at 
least pretty closely to tlie desired magnitude, and if the exact 
value cannot be reached in this manner, it may he reached 
either by connecting some elements in series or by scraping 
away a part of the coating from some of the, plates. Such con- 
densers are fully as reliable as the air form, and may be used as 
standards with equal conBdence. It is stated that their accuracy 
will change less than one part inone thousand, even aft«r taking 
apart and reassembling. 

Condensers have temperature coefficients, that is to say, their 
capacity varies to some extent with changes in temperature, so 
that in comparison methods of measurement, the temperatures 
of the standard, and unknown condensers must be taken into 
consideration. 

aTANTJAKDS OP INDUCTANCE. 
As in the case of capacity, inductance is a property of an 
electrical circuit, which is defined in terms of more funda- 
mental units, namely, the volt, the ampere, and the second, and 
standards are prepared by making up a circuit having induc- 
tance, measuring that inductance by one of the primary methods 
described in Chapter IX, and afterwards, if desired, using it for 
comparison purposes when making measurements involving the 
use of a comparison standard. According to the definition of 
inductance, this property depends on having the m^netic lines 
of foree which surround a current-carrying conductor cut 
another conductor or another portion of the same one. A 
standard that is economical of manufacture, compact, and effi- 
cient must therefore have its elements arranged so that this 
cutting action is a maximum. This condition will exist when a 
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conductor is vouad up into a form of coil, for in that case (see 
Fig. 23, which shows in section a coil of five turns in which the 
lines of force surrounding one portion of the first turn are de- 
picted), the lines of force surrounding each conductor will evi- 
dently, when generated, cut all of the other conductors, and as 
inductance is manifested only when current strength is chang- 
ing, tliis cutting will generate 
in the portioDs cut a progres- 
sive and continuously opposing 
E.M.F. If we afford a path 
) of less resistance to the flow 
of the lines of force than that 
offered by air, the maximum 
effect is evidently increased, 
that is, a given coil has more 
P^g ^ inductance when a good con- 

ductor of magnetic flux, such 
as iron, wholly or partially encloses tlie coil. The addi- 
tion of iron to increase the inductance is, however, not 
permissible in a standard, for two reasons. First, the perme- 
ability of iron is not a constant quantity, but varies with the 
density of the magnetic induction. Consequently, tlie induc- 
tance, which ia proportional to the total magnetic flux 
divided by the current, is not a con- 
stant, but is different for each current 
strength. This alone would be fatal 
in a standard, but there is a second 
property of iron, called " hystei'csis," 
or nu^netio retentiveness, owing to 
which the magnetic flux is not always 
the sams for the same current, but 
depends, in part, on the preceding 
magnetic oonditiou of the iron, which 
furnishes just as potent a reason why 
the use of iron to increase the induc- 
tance of a standard is not permissible. ^°- "■ 

If in Fig. 23 instead of having one coil of five turns tliis 
were divided into two sections, one of tlu'ee and the other of two 
turns, having the relative positions shown, the inductance of 
the whole would, of course, be the same. If, however, it were 
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arranged bo that one of the sections could be displaced relative 
to the other, the action of one part on the other would be in some 
manner related to the displacement. This fact is utilized in the 
inductance standard known as the " Ayrton and Perry," one of 
which is shown in Fig. 24. This consists of an outer stationary 
coU of wire within which there is the other coil, and the angle 
that the latter makes with the axis of the former may be varied 
by manipulating the knurled button. The inductance 'is at a 
maximum when the planes of the two coils are parallel, as then 
the mutual interaction of the two is greatest; and at a minimum 
when the planes of the two coils are at right angles, for analo- 
gous reasons. A dial-shaped scale is provided over which plays 
a pointer attached to the axis of the movable element, and by 
calibration in comparison with other standards the scale may be 
divided off to show directly the commercial units of induc- 
tance (millihenrys) that are offered by each coil position. 
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CHAPTER m. 

GALVAHOHBTERS. 

The elective current is imponderable and cannot, therefore, be 
compared as to weight or dimensions with a standard, as pon- 
derable masses are, but must be compared with other currents 
by means of some effect or property of the current which is a 
measurable magnitude. 

An electric current may manifest itself in several ways. It 
may effect chemical composition or decomposition, as in the case 
of the silver voltameter before mentioned; its action may be 
electromagnetic, in that the magnetic field surrounding the con- 
ductor carrying the current will influence an adjacent magnet 
and tend to displace it, as in an ordinary polarized telegraph re- 
lay ; its action may be electrostatic, as in the case of pith baUs, 
which are attracted to or repelled from an electrified glass rod ; 
or it may be thermal, as in the case where a current passing 
through a conductor causes the temperature of the latter to rise. 

Instruments for at least detecting the presence and preferably 
for measuring the m^nitude of one or more of these actions are 
necessary if we are to have a means of comparing current 
strengths. Such instruments have the generic name of "gal- 
vanometers." 

Galvanometers based on the chemical action of an electric 
current are in very limited use and need not be enlarged upon 
here. The great majority of commercially available forma 
utilize the electromagnetic manifestations of current and may, 
generally speaking, be divided into two classes ; first, the moving 
magnet class in whiiih a movable magnet is influenced by the 
current flowing in a fixed conductor, and the second, the mov- 
ing coil class, in which the current to be measured, or a known 
portion thereof, is passed through a movable conductor, usually 
in the shape of a coil, located witliin the influence of a magnetic 
fleld which may be either that of a permanent magnet, or that of 
a current-carrying conductor. 
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In either case one o£ the elemente is fixed and the other free 
to move against a measurable restraining force, and the extent 
of the movement of the latter as indicated by suitable means is 
a measure of current strength. With galvanometers of the first 
class, those in which there is a movable magnet and a fixed coil, 
the former is almost invariably a magnetized steel needle or 
group of needles, usually straight, but sometimes bent double 
about their centers and taking on the form of a slotted bell 
(see Fig. 25). In all these instruments the movable needle is 
suspended from a fiber that offei's the minimum possible resist- 
ance to its turning, the measurable restraining force being that 
furnished by an external ma^etic field, sometimes that of the 
earth itself, and sometimes one furnished by adjacent magnets 
whose positions and distances are adjustable. In high sensibil- 
ity galvanometers the forces involved are so minute that 
the delicacy of the suspension becomes a most impor- 
tant item. It is altogelher out of the question to use a 
pointed hardened steel pivot support engaging in a 
jewel-bearing, as the friction between the two would be 
commensurate with the defiectional forces and laige 
errors thus introduced. Great delicacy is obtained by 
supporting the movable needle on a fiber of cocoon silk 
of considerable length. Even this, however, is inferior 
to a suspension formed of a very fine filament of quartz. 
Such may be constructed by heating a short quartz rod to 
incandescence in an oxyhydrogen blowpipe flame, and 
having one end rigidly secured to a fixed block, suddenly re- 
tracting the other end, usually by having it fastened to a 
miniature form of crossbow in which, when the tri^;er is re- 
leased, the end is shot forward with great velocity. The fila- 
ment is in this manner drawn out to a very small diameter 
before rupture. 

As galvanometer sensibility may be increased either by 
decreasing the amount of restraining force for a given dcflec- 
tional angle or by increasing the number of ampere turns sur^ 
rounding the needle, and as the latter is, from motives of 
efficiency, made as great as possible in the beginning, the sensi- 
bility can evidently be further increased only by decreasing the 
strength of the controlling field. If this is the field due to the 
earth's magnetism, its directive force may be diminished or, in 
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fact, completely annuled or reversed by placing near to the gal- 
vanometer a monetized body which seta up a flux opposite in 
direction to that of the earth's field. If the two were exactly 
alike and opposite there would evidently be no restraining 
force except the negligible one of the torsional elasticity of the 
fiber, and the needle, influenced by the current passed through 
the coil suiTounding it, would assume a position practically at 
right angles to the plane of the coil with any current strength, 
no matter how small, and thus fail to act as an index of current 
strength. 

When, however, one or the other of the magnetic forces pre- 
ponderates, tliere is a directive foree which tends to retain the 
needle in the zero position. The resultant between this and the 
directive force of the field, due to the flow of the current, deter- 
mines the position of the needle. Theoretically, therefore, all 
that is necessary to obtain almost infinite sensibility is an almost 
infinitesimal difference between the field due to the directive 
magnet and that of the earth, but this is based on the assumption 
that tlie suspension device is frictionless and absolutely flexible. 
As a matter of fact, the suspension fiber must be of sufBcient 
size to have the necessary strength for tlie mechanical support 
of the needle, and the resultant torsional rigidity or inelastic 
resistance to torsion is of such magnitude that the directive 
foree must be made quite large in order to render it negligible. 
In practice, to obtain maximum sensibility with a moving m^ 
net galvanometer, a current is passed through it to cause a 
deflection, preferably the full scale in amplitude, and the current 
then cut off to see whether the magnet returns to its initial 
position. If so, the control magnet is approached a little closer. 
The operation is repeated until, on opening the circuit, the in- 
dex showing the movement of the needle no longer comes hack to 
its starting point. It is then evident that the controlling force 
is too weak, so the magnet must be moved away f^ain, just far 
enough to insure the return of the index to zero every time the 
current is cut off. 

Moving coil instruments may be conveniently divided into 
two subclasses namely, those in which the coil moves because 
of the reaction between the current through it and a powerful 
stationary permanent magnet, and the class in which the reac- 
tion is between the current-carrying coil and stationary coils 
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likewise traversed by curreDte setting up liaes of force therein. 
In movable coil galvanometers, silk and quartz suspension fibers 
are inadmissible inasmuch as the suspensions are used as a means 
of conducting the current to be measured to the movable coil. 
What is ordinarily used, therefore, is a narrow and extremely 
thin strip of phosphor bronze made by rolling down by successive 
passages through jeweler's rolls a small diameter phosphor 
bronze wire. This is, of course, a conductor, and if the movable 
element be suspended above by one such conductor and steadied 
below by another, both being held taut, they evidently perform 
the double function of conductors and o[^osing springs. 



ii. 



It is also possible to support the movable element by two 
such metallic strips, both supporting it from above. Another 
form of construction is shown in b. Fig. 26. In this construc- 
tion the metallic strip is coiled helically, and when the movable 
element deflects, the ordinary spring action of a helically coiled 
wire is brought into play in place of its torsional elasticity, as 
in the straight form shown in a of the same figure. At c is 
shown the movable coil suspended from above by two conduc- 
tors, as already mentioned. In the forms a and 5 it is evidently 
possible to substitute for the lower metallic spring strip a very 
flexible currentKiarrjing strip, which offers no appreciable 
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resiatance to motion and at the same time serves as a con- 
ductor. Such flexible connections are usually made of soft 
annealed pure silver wires. In the form of suBpension shown 
in a, 6, and d, the resistance to turning offered by the suspen- 
sions can be altered only by changing them. In the form 
shown in c, however, if the distance between the two suspensions 
at their upper end is increased, a greater effort will evidently 
be required to produce the same angular displacement This 
bifilar suspension, as it is called, is convenient in some respects 
but not in very common use in this country. 

The means employed to indicate the extent of the movement 
of the swinging member of a galvanometer is also of much 
importance. As the latter usually rotates about an axis, it is 
evident that any index actuated by it will have a greater linear 
displacement over a fixed scale for a given angular displace- 
ment, the further the scale and the marking extremity of the 
index are from the axis. This at once suggests the use of a 
very long hand or pointer, but this is objectionable because of 
its weight, which not only adds very considerably to the inertia 
of the moving system, and ao renders its response to current 
changes slow, but necessitates stronger suspensions to support 
it, which suspensions are, of coui^e, more rigid, and therefore 
decrease the sensibility of the galvanometer. This difficulty is 
surmounted by using in place of the ponderable pointer a 
beam of light reflected from a mirror carried on the movable 
part. This arrangement may assume one of two forms. In 
the first, a telescope is used, arranged as shown in Fig. 27, where 
aJ is the mirror carried by the moving system, T the telescope, 
and SS the scale. The telescope is provided with a stretched 
hair, IT, as in a surveyor's transit, which serves as a reference 
line for the position of the image of the scale markings as seea 
through the telescope reflected from the mirror. If the moving 
system, and therefore the mirror, ah, attached thereto, moves 
through an angle a, the angle between the axis of the telescope 
and the axis of the ray of light reflected from the nurror is 
evidently ii, the apparent deflection being thus doubled. In 
order that there may be a minimum loss in illumination due to 
the absorption by the lenses in the telescope, the latter is usu- 
ally made of the astronomical type, presenting to the eye an 
imt^ that is reversed and inverted (that is to say, turned 
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through an angle of 180°), while the mirror reveraes in the sense 
in which oidinaiy printing type are leversed. It follows, Hieie- 
fore, that a acale, the reflection of which in a mirror is to be 
obserred, must have ita numerals reversed, Uke ordinary printing 
type, and if they are to be viewed through an astronomical tele- 
scope, the scale must be placed in the instrument m an inverted 
position, so that the numerals appear to the direct vision 
thus J S 3 4 fl- If an erecting telescope or simple slot be 
used, the scale Is placed in the instrument in an erect position, 
so that the numerals appear to direct vision thus, 9 ^ S 8 t • 
In botii caaes the numerals will appear in their normal as- 
pect, 3 J& S' 4 6. when seen while making a scale reading. 






On looking through the telescope when current is applied, the 
whole scale swings across the field or vision, the reference 
line made by the cross-hair remaining fixed. It is of course 
possible to nee instead of a telescope a small diameter hole or a 
long narrow slot, but this calls for better illumination, in order 
to make the scale markings visible, and for good eyesight 

This first type of movement-indicating device enables one to 
make very close readings, as the cross-hair furnishes a sharply 
defined reference line. On the other hand, it is trying to the 
eyes, only one of which can be used at a time. It ia also 
inconvenient in that only one party can observe the indications 
at a given time. 
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In ihe Becond plan an actual luminous beam is used. Re- 
fening to Pig. 28, i/ is a source of light arranged with a hood, 
or otherwise, so that it sends out only a long narrow beam which 
is reflected by a mirror or prism at M, concentrated by the lens, 
I, and thrown on the galvanometer mirror, ai. The latter 
is made concave to keep the beam concentrated, and the light is 
thrown from there onto a fixed scale, SS, usually made of 
ground glass and having pasted thereon au opaque scale divided 
into millimeters, or otlier convenient units. This beam falling 
upon the ground glass scale plate makes a luminous line whose 
position relative to the opaque scale can usually be read with 
great ease. Readings can be ^made to a greater degree of 
accuracy in the telescope pattern instrument because the lu- 
minous band has an edge such 
I that it is diilicult to say just 
where it leaves off, but on the 
other band, the second form 
is advantageous because sev- 
I eral observers may simultane- 
— j^ ously note the swing, and it 
is much easier on the eyes. 
The only remaining argument 
for the first form is that it cau 
be read in the daylight, the 
brighter the better, whereas 
the latter needs darkness, if 
'™' ™' it is to be shown to advantt^e. 

Because the scale, SS, Figa 27 and 28, is straight instead of 
being bent into the form of a circle arc about the mirror as a 
center, the linear disptacemente shown thereon are proportionate, 
not to the angle through which the movable element has swung, 
but to the tangent of twice that angle. Where the angular 
deflections are but small, the difference between the numerical 
value of an angle and its tangent is negligible and the linear 
displacement on the scale may be taken as proportaonate to the 
angular deflection. However, when measuring large defiections, 
and where accurate results are required, the angles should 
be calculated from tlie above relation between them and the 
linear motion. The following table computed by Dr. Kennelly 
gives the correction factors to be applied with different distances 
between the scale and mirror and for vaiying deflections : 
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46 ELECTRIC AND MAGNETIC MEASUREMENTS. 

We will now proceed to consider commercial fonns of 
galTanome ters. 

MOVABLE COIL OK D'ARSONVAL TYPE. 
Galvanometers with movable coils through which the current 
to be measured is passed, and in which the coils rotate in the field 
furnished by a powerful permanent magnet, are said to be of the 
D'Arsonval type. An early form of the D'Aisonval galvanom- 
eter is shown in Fig. 29. The magnet furnishing the field is of 
the compound pattern made of several U-ahaped permanent 
magnets bolted togetlier and secured vertically to ^e base of 



the apparatus. In the gap between the legs of the magnet is 
placed a cylinder of soft iron supported from the rear, which 
decrea-ses the reluctance of the magnetic circuit and makes the 
density in the air gap between its face and the magnet faces a 
maximum, the resultant powerful field giving a maximum re- 
action for a given current strength. Surrounding the central 
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cylindrical core, there is a rectangular loop made of many turns 
of wire supported from above, coaxially with the cylinder by 
means of a fine silver or alloy strip, as already mentioned. - The 
lower side of the loop is steadied by a similar strip, which in 
turn is secured at its end to a stiff flat brass spring. The elas- 
ticity of tiiis spring keeps the strips taut and the coil perfectly 
centered. The tension on the strips may be varied by means of 
a suitable thumb-screw, as shown. A small circular mirror hav- 
ing either a plane or a concave surface, according to the method 
to be emjJoyed in reading the indications of the instrument, is 
cemented to an upright rod firmly attached to the coil. The 
current to be measured ia led into the coil through the upper 
metallic suspension, through the sevei-al turns of wire com- 
posing the coil, and out again through the lower strip and flat 
spring attached thereto. The whole apparatus is kept covered 
by a glass bell to prevent disturbance by air currents, and in the 
bell jar liiere is provided, a window of 
very thin clear glass, such as used for 
microscope slides, through which the 
beam of light may pass without distor- 
tion. 

It will be observed (see Fig, 30 show- - 
ing diagrammatically a plan view of a ^°' *'■ 

suspended coil galvanometer) that the D'Arsonval instrument is 
simply a miniature motor, with fixed permanent magneto for 
furnishing the field flux, the movable coil, e, forming the 
armature winding, and the fixed cylinder, c, the armature core. 
The force with which the coil tends to place itself at right 
angles to the position shown is thus dependent upon ex- 
actly the same elements that determine the torque of a motor, 
that is to say, the strength of the field, the number of turns of 
wire in the coil, and the strength of the current flowing through 
that coil. High sensibility may therefore be obtained by using 
the most powerful possible permanent magnets, and by the em- 
ployment of the maximum number of turns of fine insulated 
wire in the loop, at the same time making the restraining force 
of the elastic strips aa small as possible. If instciid of simply 
winding the wire into a rectangular coil, it is wound up on a 
metallic frame, preferably copper or aluminum, because of the 
good conducting quality of these metals, weight considered, the 
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iitdicatioDS of the instrumeot become " dead-beat," that is, when 
current is applied, the coil swings at once to the position con-e- 
sponding to the current strength without oscillation around it. 
When the coil swings, the metallic trarue acta like a short-cir- 
cuited conductor in a motor armature ; the currents circulating 
therein require energy for their generation, and that energy is 
deducted from the momentum of the moving parts, causing them 
to come to rest almost instantly. 

In the original form of D'Arsonval galvanometer just de- 
scribed, the field is not uniform, as the air gap between the 
cylindrical core and the plane faces of the magnet is, of course, of 
different depth at different points. As the torsional reaction of 
the suspension fibers increases in direct proportion to the angle 
of twist, deflections that are directly proportional to the current 
strength are obtained only when the coil revolves in a uniform 
magnetic field. A uniform field may be obtained by shaping the 
poles of the magnet, so that they embrace the central core and 
leave a uniform air gap, or the same end may be attained by 
attaching to the magnet poles, iron extension pieces similarly 
shaped. It is convenient to have an 
instrument in which the angular de- 
flections are in direct proportion to 
the current strength, as this greatly 
facilitates the comparison of different 
currents with one another. 

It is claimed by some authorities that 
the most efficient form of the moving 
coil is a shuttle shape without a cen- 
tral core, instead of the rectangular one 
employing a core. A modem galva- 
nometer in which this construction is 
employed is shown in Fig. 31. It will 
be noted that here the magnet is placed 
horizontally, instead of vertically, and 
composed of a lai^e number of com- 
paratively thinse para temagnetsstacked 
one on top of another. Instead of 
shielding the whole instrument by a glass bell jar, the revolv- 
ing coil, suspension, and mirror are enclosed in a brass tube, a 
small glass window being provided opposite the luiiror, through 
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which the beam of light indicating the extent of motion may 
paaa. The complete brass tube with its contents may be re- 
moved from the magnetic structure without disturbing any 
oonnectioD, as contacts are made with the coil through sta^ 
tionary spring plates in electrical contact wi^i the terminal 
binding posts. 

Instruments so built may be made of very high sensibility, 
for instance, one having a resistance of about 200 ohms may be 
able to show a deflection of the beam of light thrown from a 
fixed source to the mirror carried by the moving system, and 
back again to a fixed translucent scale placed 1 meter away 
from the instrument, of 1 millimeter when 200 megohms are 
placed in series with the galvanometer, and a potential of 1 volt 
applied to the free galvanometer and resistance terminals re- 
spectively. With a coil having a resistance of about 8,500 
ohms 1 millimeter deflection can be had through about 1,500 
megohms with 1 volt. 

It must be confessed that Hiese stated sensibilities are some- 
what misleading, as they are due in part to using a suspension 
fiber that is so delicate that elastic fatigue will often become 
noticeable. With such high sensibility instruments it is by no 
means uncommon to have the light spot on the scale refuse to 
return to the zero mark after current is cut off, at least until 
the lapse of a period that may be reckoned in hours, and some- 
times even days. The low mechanical strength of the suspen- 
sions introduces another objectionable feature, their great 
liability to rupture. Means are usually provided for removing 
the strain on the suspension and then firmly clamping the coil 
when the instrument is to be transported, but the suspensions 
are nevertheless frequently broken after the galvanometers are 
set up, and their replacement is then tedious work. Not only 
is time required for the delicate operation of replacing the 
broken suspension, but ttie calibration, namely, the deflection, 
given by a stated current must be determined afresh. This is 
different for different suspensions, not so much because these 
vary in resistance, for their resistance is generally negligible as 
compared with that of the coil and the external circuit, but 
because of tiie different torsional rigidity of different speci- 
mens. As the latter are commonly made by flattening a wire 
oi a diameter of about .002 inches in a set of jeweler's rolls, it 
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is practically impossible to get the resulting strips of nnifonu 
size and uniform elasticity. 

One other objectioQ to this sensitive form of D'Arsonval gal- 
vanometer is the fact that the mechanical clearance between 
the coil and the magnet face is reduced to a mitiimum in order 
to reduce the length of the air gap in the magnetic circuit and 
therefore increase the density of the lines of force flowing there- 
through. Because of this small clearance it becomes necessary 
to level the instrument with exceeding care so that the coil 
may not touch the poles at any point. On the other hand, they 
are valuable in workshops and laboratories, because they com- 
bine with high sensibility immunity from disturbance by stray 
magnetio fields, as the one in which the coil swings is so very 
strong as to mask any others that are apt to exist at the point 
of use. 

A form of D'Arsonval galvanometer that is almost entirely 
free from the objections to which the sensitive form is open, but 
which, on the other hand, is of lesser sensibility, is illustrated 
in Fig. 82. This Chauvin and Amoux instrument is like the 
original D'Arsonval pattern, in that a central stationaiy core is 
used. The coil consists of a rectangular copper frame around 
which is wound the moving wire. It does not require the spe- 
cial leveling screws employed in the high Bensitive form, as it is 
provided with a gimbal interposed between the instrument 
proper and the wall-plate, which device of course makes the 
instrument hang perfectly vertical if the plate is screwed upon 
the wall. The suspension for the coil tdso differs from those 
in the high sensibility devices ; it is formed, not of a straight 
thin strip of bronze, but a strip of very elastic high conductivity 
alloy wound helically about a mandrel that is about as big as 
a knitting needle. The toughness of these suspensions is 
almost incredible, being such that the makers find it entirely 
superfluous to supply any means of blocking the coil while in 
transit. They can be shipped around by express, and the 
writer has even known of one being thrown to the ground with 
such violence that the mirror became dislodged without caus- 
ing the suspension to break or to be deformed sufliciently to 
prevent the coil from swinging freely in its allotted position 
when the instrument was again hung up. This same suspen- 
sion is of advantage where mechanical vibrataon exists at the 
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point of installation, as it serves to cushion tliat vibration and 
greatly diminishes the dancing about of the light spot that is 
so objectionable in the high sensibility form and frequently 
renders it impossible to take any readings whatsoever. In the 
Chauvin and Amoux instrument the support for the scale is 
arranged to be carried by the instrument itself, and the tele- 
scope method (see p^e 43) of making readings ia employed in 
order to render unnecessary the employment of a source of 
artificial light. It is very light and so small that when 



the scale support and scale is removed it may be carried in 
a coat pocket With 1 meter distance between the mirror 
and the scale an instrument having a resistance of about 175 
ohms will give a deflection of somewhat over 1 millimeter with 
1 volt when about 90 megohms are inserted in series. Com- 
paring this with the high sensibility form, it will l>e seen that 
the sensibility of the Chauvin and Arnoux pattern ia less than 
one half as great. 

In the D'Arsonval instruments mentioned above, the force 
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that opposes the motion of the coil is that offered by a strip of 
elastic metal which is being put under torsion. An interesting 
variation is where the elasticity of the suspension is made as 



^,^ 




small as possible and the 

opposing force supplied by 
magnetic attraction. Refei> 
ring to Fig. 83, if the fila- 
ments attached to the mov- 
ing coil are conductors, but 
so flexible that tbey offer 
practically no resistance to 
the rotation of the coil, any 
current tiiat may be passed 
would cause the coil to 
move and assume a position 
where its plane is at right 
angles to the direction of 
^e lines of force in the field 
between the two magnetic 
poles. If, however, the wire 
forming the coil is, as was suggested many years ^o (British 
patent, No. 8,795, of 1887, to Ayrton and Perry), of iron, or is 
wound on rectangular iron form, the mag- 
netic flux between the poles will tend to 
hold the coil so that its plane is parallel 
to the direction of the lines of force, and 
the further the plane of the coil departs 
from this position by rotating around the 
axis formed by suspension fiber, the 
greater is the force tending to bring it 
back again. We therefore have the 
opposing force furnished by a body that 
is influenced by the same magnetic force 
whose reaction with the current causes 
the coil to move. This tends to pre- 
serve stability of calibration, for if the 
strength of the fixed magnet decreases, 
the reaction between it and a given cur- 
rent in the coil decreases, but the force opposing the coil 
motion likewise diminishes as the effort to hold tiie iron ele- 
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ment in line is no longer as great This fonn of galvanometer 
has been reinvented of late by Mr. Weiss, and was described lay 
him in s communication to the French Academy of Science in 
the early part of 1902. Fig. 34 shows the instrument. The 
iron element heie takes the form of a short bar, M, It is 
claimed that the strength of the m^net may vary as much 
as 20 per cent without changing the calibration. Pivot-borae 
iostnimenta of this class, for commercial measurements of cur^ 
rent and voltj^, have likewise recently been placed on the 
market in this country. 

BEFI£CTINa ELECTRO-DYKAMOHETERS. 

The preceding instruments are suitable only for the measure- 
ment of direct currerits, because the field furnished by the per^ 
manent m^net is constant in direction, so that if the current 
passed through the movable coil be reversed, the deflecting force 
is reversed also. The inertia of the coil will not allow it to 
followthese reversals, so the only effect, if an alternating current 
is applied, will be a shght trembling of the mirror and the beam of 
light reflected therefrom. A moving coil galvanometer, which 
responds to either direct or altematiDg current, is called an 
electro-dynamometer, an example of which, well known in this 
country, is the form designed by the late Professor Rowland. 
In it the iield in which the moving coil swings is supplied by a 
stationaiy coil of wire. Through this coil is passed current de- 
rived from the same source as that flowing through the movable 
coil. In this apparatus, even if the current be constantly chang- 
ing in direction, that in the fixed and movable coils is simul- 
taneously reversed, the resultant, therefore, being a constant 
effort to turn the coil in one direction. As is shown in the dia- 
grammatic illustration in Fig. 35, there are two fixed coils, one of 
fin© wire of many turns, and the other of coarse wire of few 
turns, these being introduced in order to extend the range of the 
instrument and make its capacity suited to tha measurement of 
both laige and small currents. Separate terminals are provided 
for each winding so that they may be interoonnected in any 
way deaired. It is not feasible to make the indications of this 
class of galvanometers " dead beat " by winding the movable 
coil on a metallic frame, for if this were done currents would 
be induced in that frame when alternating currents passed 
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through the fixed coil, and the repulsion between these currente 
would cause a deflection, even If no external current at all were 
applied to the moving one. The oscillations are therefore 
damped by mechanical means, a vane of mica being secured to 
the moving coil and fitted closely in a stationary air-tight box. 
The sensibility of these instruments is by no means as great as 
galvanometers of the D'Arsonval type, as the magnetic field 
furnished by the fixed coils is of far less intensity. It is, 

however, sufBciently 

great so that an alter- 
nating current of .0001 
ampere, or an alter- 
nating potential of 
.005 volt may be meas- 
ured. The sensibility 
for direct current is 
somewhat higher, but 
many precautions must 
be observed in direct 
current measurements 
with reflecting electro- 
dynamometers, in 
order to eliminate the 
influence of foreign 
magnetic fields, nota- 
t- bly the earth's field 

r I as modified by mag- 

S I ^ 1 i^ netic bodies in the 

XX/ -I ^<=!=L vicinity of the app&- 

— ratus. A complete 

^o- *- Rowland electro-dyna- 

mometer is illustrated in F^. S6. It will be not«d tiiat defiec- 
tiouB of the moving part are observed with tiie aid of a tele- 
scope and fixed scale, as described on page 44. 

MOVIITG MAGNET GALVANOMETERS. 

Galvanometers in which the magnet moved and the coil con- 
veying the current to be measured was held stationary, formed 
the earliest type of these instruments. In their elementary 
form such galvanometers consisted of a compass needle sup- 
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ported on a pivot, which was deflected by current passed, par- 
allel to its length, over and under several times, through a coil 
of wire. The natural evolution of thia form led to an instru- 
ment in which the needle was suspended by a fine silken fiber 
which introduced a far smaller error due to torsional rigidity in 
the fiber than was introduced by the friction between the pivot 
and the jewel resting thereon. Of course, the deflection caused 
by a given current is increased in proportion to the number of 
times that the current acts on the needle, in other words, by 
having an increased number of turns in the coil surrounding it 



This expedient cannot be carried too far, however, as increased 
turns mean an increased length of wire, and hence resistance for 
the current to overcome, and the last turns are neceflsarily 
further removed from the needle than the earlier ones, and 
hence of less efficiency. The next step to increase sensibility 
is to decrease the directive force tending to hold the needle in a 
given position. If, as is usually the case, the directive force is 
that due to the earth's field, its intensity may be diminished by 
placing a permanent magnet near the appamtus, in such a posi- 
tion that the field surrounding it is opposite to the earth's field. 
The magnet is, of courae, not adjusted, so that ite field and the 
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earth's Seld entirely neutralize one another, as this means no 
directive force whatsoever. It can, however, be adjusted bo 
that one or the other preponderates but slightly, and the sensi- 
bility of the apparatus is correspondingly increased. At this 
point it might be noted that it is possible to make the movable 
element of a moving magnet galvanometer of a weight the frac- 
tion of that of the coil in the D'Arsonval type, and hence far 
finer suspensions are permissible, with a resulting decrease of 
the foree necesi^ry to twist them through a given angle and a 
corresponding increase of sensibility. As it is not necessary 
to convey currents to and from the movable element through the 



suspensions, only one need be used, and that may be of noncon- 
ducting material. These features contribute to high sensibihty. 
A prominent moving magnet galvanometer of the above de- 
scribed type is the " Kelvin instrument," illustrated in Fig. 37. 
The magnet here takes the form shown in Fig. 38, where three 
short pieces of watch spring are flattened out and cemented to a 
mica disk supported by a quartz or silk fiber. This construc- 
tion is very light and compact. In the Kelvin instrument, the 
current-carrying coil is divided up into two halves, one of which 
is movable, so that access may be had to the m^net system, 
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and the suspension renewed, if broken. The mi^et for varjdng 
the sensibility, by neutralizing, the earth's field to a greater or 
less degree, is not shown in Fig. 37. It is arranged below the 
apparatus and equipped with a slow-motion screw, so tliat a fine 
adjustment of the position of the directive 
m^net relative to the moving needle is pos- 
sible. 

This particular class of Kelvin instrument 
ia objectionable because of its extreme sensi- 
bility to disturbances due to stray magnetic 
fields. If the control magnet is adjusted 
almost to neutralize the controlling effect of 
the earth's field, any minute variation of the 
latter due to the presence of magnetic bodies 
will cause tlie needle to deflect ; the same effect 
being, of course, caused by neighboring current- 
carrying conductors which set up fields modi- 
fying the influence of the earth's field. This 
sensibility to magnetic disturbances may be 
partially overcome as follows : Referring to Fig. 39, if two mo- 
netized needles of like strength are rigidly coupled together with 
tbeir ends of the same magnetic polarity pointing in opposite 
directions, the tendency of the eartli's field to keep one needle 
in a given position is evidently opposite to and neutralized by 
its tendency to keep the otJier needle in just the reverse posi- 
tion. Such a toagnetized pair will therefore take up any 
position freely when in a field as nearly uniform as that of the 
earth, and is said to be " astatic." An 
astatic couple for a Kelvin instrument is 
formed by rigidly joining together in a simi- 
lar way two of the sets of monetized watch 
springs cemented to mica disks used in the 
plain instrument just described. Both the 
upper and lower elements are surrounded 
by wire coils interconnected so that the sum 
of all the efforts is to cause the element to 
rotat« in a given direction. Each of the two coila is wound 
in two sections, as in the case of the simpler instruments, and 
one pair of these is likewise movable, in order that access may 
be had to the moving part. Fig. 40 shows a four-coil Kelvin 
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galvanometer, the second illuatration showing the front coils 
swung down out of the way and the tube carrying the magnets 
swung out from the rear coils in order that free access may be 
had all around it. The mirror, as will be noted, is fastened to 
the rod joining the two magnetic elements, midway between 
them. The other cut in Fig. 40 shows the instrument assem- 
bled and the directive magnet below it. This magnet is closer 
to the lower set of needles than the upper one, and hence, in- 
fluences the latter more and furnishes a directive force sufficient 
to hold it in a given position. The four coils may, of course, 
be coupled bother in series or parallel as desired, or in 



oppositioQ, namely, difiEerentially, so that the deflection due to 
the difference between the strength of two currents may be 
observed. 

The constmction of these instruments is not such that the in- 
dications are inherently " dead beat," and it is necessary to apply 
extraneous methods of damping if rapid readings are to be tAken. 
In some forms this is accomplished by attaching to the moving 
system a thin vane immersed in oil, but it is more common to 
make the mica disks on which the magnetized watch springs are 
cemented flt rather closely in a spherical chamber so that the 
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indicataons are ^r dampened. If ihe hollow chamber has mas- 
si ve copper walls, this also damps Hie oscillations,' as the moving 
magnet expends energy in setting up cuirente in the copper and 
there is, hence, less force available to move it beyond the posi- 
tion corresponding to the current strength. 

The four-coil Kelvin galvanometer, notwithstanding the fact 
that it is provided with an astatic pair of needles, is by no means 
entirely immune from disturbances by external magnetic forces. 
This is because it is seldom that such forces are sensibly the 
same in the regions of both magnets ; or, in other words, that 
such external fields of force are uniform. 

It is also exceedingly susceptible to mechanical vibratJons and 
must be mounted with extreme care in order that such vibrations 
may not affect it sufBciently to throw the light spot off the 
sc^e. On the other hand these galvanometers have the highest 
sensitdlity attainable. 

HOT WSRK QALVANOlfETEBS. 

When an electric current flows through a conductor, a resist- 
ance to that flow is encountered, and the work done by the cur- 
rent in overcoming the resistance heats the conductor. If the 
conductor is a fine wire and the current is comparatively heavy, 
the resultant expansion, suitably multiplied and indicated, may 
be used to measure the current strength. The use of gal- 
vanometers utilizing this principle is not general, because their 
sensibility is not high ; they are slu^ish in their indications, 
owing to the time required for the wire to attain its new 
temperature when the current strength changes, and it is 
difficult to compensate for changes in the temperature of the air 
surrounding them and to shield the wire from slight air currents. 

On the other hand, they have the great advantage for altera 
nating current measurements, that their self-induction and 
capacity is practically zero, and hence their use does not alter 
circuit conditions. 

One of the most sensitive instruments of this class consists 
of two very tine wires of manganin or platinum silver alloy 
stretched parallel to one another a short distance apart, their 
ends being secured to appropriate abutments. These wires are 
embraced at the center by a very small loop of stiff paper carry- 
ing a small plane mirror. A mici-oscopic book at tlie end of a 
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fine light Bpring is slipped oyer one of the wiies near the paper 
loop, the mirror in this way being pulled around to a certein 
angle about the other wire as a center. When current flows 
through the wire on which tliis book is caught, the expansion 
of the wire due to its beating allows tiie spnng to pull the 
mirror over still further, the resultant defection being read off 
on a suitable scale hy the conventional spot of light. For max- 
imum sensibility to small currents, the wires are made of a 
material having as high a specific resistance as can be obtained 
in order to make the heating effect, which, with a given current, 
varies as the resistance, a maximum. To get the greatest 
deflection vrith s low voltage the wires are made 
of as low resistance as is feasible, in order that a 
maximum current strength may flow and hence 
cause maximum elongation. 

Several galvanometers working on this principle 
have been brought out from time to time, notably 
those of Prof. Threlfall and of Dr. Fleming. In 
this country, a similar instrument is made by Leeds 
,nd Northrop. 

BADIATION GALVANOMETERS. 
The most sensitive galvanometera for tiie detec 
tion of alternating cuirents seem to be those in 
which the heating of a wire carrying current is 
indicated, not by a magnification of the change 
in length of the wire, but by radiation of its beat 
to a delicate thermo-couple. The DuddeU instra- 
ment, made on this principle, is diagrammatically 
'■"■~— illustrated in Fig. 40 A As will be seen from 
this, a loop consisting of a single turn of wire is placed in the 
field of a magnet like that in tiie conventional D'Arsonval 
galvanometer. The two ends of the loop terminate in a 
thermo-couple, which is placed close to the short straight wire 
through which the current to be measured is led. The heat 
radiated from the wire causes a current to flow from the 
tiiermo-couple through the loop, and that current brings about 
a deflection of the loop in the conventional manner. The deflec- 
tions are read off by the aid of the mirror, M, in the ordinary 
way. According to DuddeU, such a galvanometer will show an 
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apparent scale defleotdon of 2 millimeters with 1 millivolt 
difference of potential, at the resistance wire ends. The a\XT- 
rents generated by talking into a Bell telephone receiver are 
sufficient to throw the beam of light entirely off the scale. Aa 
instrument having a resistance of 18 ohms is capable of meas- 
uring a current as low as 160 micro-amperes. 

KEFLECTINa ELECTKO»ETEBS. 

The electrostatic instrument shown in its elementaty form in 
Fig. 19 and described on page 30, may, when suitably designed 
and provided with a long, delicate suspension and a mirror for 
taking readings, be made a galvanometer of value for certain 
alternating and direct current measurements. Its sensibility is 
by no means as high as that of a very ordinary direct current gal- 
vanometer or of the galvanometer responsive to both direct and 
alternating currents just described, but it has the advantage of 
possessing a practically infinite resistance, no inductance and 
small capacity. The first of these characteristics is of peculiar 
advantage in certain direct as well as alternating current meas- 
ments as the electromotive force measured by the twisting of the 
suspension as shown by the deflection of the beam of light 
from ' its mirror is that of the source under test when it is 
supplying no current, that is to say, it is the open circuit 
E.M.F:, a value that often requires determiution. 

In using electrostatic galvanometers, Uiere is a source of 
possible error which must always be considered. The suspension 
fiber supporting the movable vane in such instruments must 
necessarily be a conductor of electricity in order that the cur- 
rent required to chaige the vane may be conveyed to it The 
fiber and the vane are almost invariably of different chemical 
composition, usually phosphor bronze and aluminum respectively, 
and when two dissimilar metals are placed in contact it is well 
known that there will exist a difference of potential, usually 
called a "Contact E.M.P." between them. The movable ele- 
ment thus always has a small initial charge, and if it is further 
charged by applying current to the apparatus in such a direction 
that Ihe new chaise assists the initial one, the deflection will 
be greater, by twice that due to the initial charge, than if the 
potential of the circuit to be measured were applied in the 
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opposite directioa. If the instrument is always to be used 
with direct current, and care is taken to see that the same pole 
of the applied circuit is always attached to a given binding 
post, this error may be allowed for in tlie calibration. If alter- 
nating current be measured, however, a correctioa equal to the 
initial chaige must be applied. A reflecting electrometer is 
shown in Fig, 41. 

For the very highest sensibilities the suspension for the 
moving element of an electrometer may be made of a quartz 
fiber on which is chemically precipiteted a very thin, adherent 
film of gold to render it con- 
ducting. With a suspension 
of this sort a sensibility may 
be obtained such that it is 
possible to get a deflection of 
200 or more millimeters on 
a scale placed 1 meter away 
from the mirror with 1 volt. 
As the deflections of electro- 
static instruments increase as 
the square of the applied vol- 
ti^e, a vety high deflection 
for a given E.M.F. may evi- 
dently be obtained by apply- 
ing a steady initial E.M.F. of 
j^g ^j some magnitude and tlien 

superimposing the unknown 
one on that. In this way the sensibility of a reflecting electro- 
meter may be increased enormously. 

THE TELEPHONE RECEIVER. 

The conventional telephone receiver is a convenient and 
simple piece of apparatus often used for the detection of feeble 
electric currents. 

Of course, it cannot of itself measure current strength as ite 
indications are audible only, and the human ear cannot evaluate 
tone volume with any accuracy, but it does form a sensitive 
means for showing whether a difference of potential does or 
does not exist. It is naturally necessary to arrange the appara- 
tus so tliat the circuit through the receiver may be successively 
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made and broken, because it is only on the make and on the 
break that the diaphragm of the receiver will respond and give 
forth a clicking sound, 

A good telephone receiver having a resistance of about 100 
ohms will give an audible click when a circuit passing .005 mil- 
liamperes through it is made or broken. 

The advantages of a telephone receiver for this kind of work 
are it« low cost, its portability, the fact that it need not be 
leveled or placed in any definite position, and that it is not 
affected by stray magnetic fields. 

CAPILLARY ELECTEOMETEES. 

An effective device for detecting and measuring very small 
direct current £.M.F.'s is made by enclosing in a glass tube of 



very fine Dore, clean, pure mercury and a strong solution of 
suli^fUric acid, tlie two being in contact with one another. 
When a potential difference is applied between the two ends of 
the tube, an action takes place at the surface of contact between 
the mercury and the acid which causes a change in the capillary 
pressure. This in turn causes a displacement of the surface of 
tl)^ mercury which, while small, may easily be read with the aid 
of a microscope. For small differences of potential the dis- 
placement is directly proportionate to the potential. 

Obviously, a device built on the above principle may assume 
many forms. In Fig, 42 is shown the Boley type, in which the 
mercury is contained in a spherical glass chamber A which 
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communicates with the acid solution at e through the fine bore 
tube t, A relativelj large volume of the electrolyte Z is pro- 
vided in order to have a large contact area available between it 
and the other mercury electrode E through which current is 
introduced, this large area being desirable to prevent rapid 
pohuizatioii. The level at which the mercury in the fine bore 
tube t comes in contact with tlie electrolyte can obviously be 
adjusted by varying the air pressure on the surface of the mer- 
cury in A or by varying the depth of the electrolyte in its 
chambei-s. ' 

The change in level caused by the application of an E.M.F. 
to the instrument is observed through a microscope, an apparent 
change of 1 millimeter being shown, with a magnifying power 
of 100, with a potential change of ,0024 volts. The instrument 
can be read to .0002 volts without difficulty and it is claimed 
that the changes in level are exactly pi-oportionate to ttie volt- 
age up to .01 volts. 

Capillary electrometers are not in common use aa they have 
unstable zeros, are not portable, and the microscope method of 
taking readings is vety hard on the eyes. 

GALVANOMETER SHUNTS. 
Plai7i Shunts. 

A commercial galvanometer is naturally made of the highest 
sensibility consistent with its cost and type in order that it 
may be suitable for delicate and accurate work. 

For preliminary measurements, the sensibility of an average 
galvanometer is often too high, however, and in making the 
first adjustments, currents may flow that will either bum out 
the windings or injure the device mechanically by deflecting 
the moving portion too violently against the stops provided to 
limit the motion. An arrangement of several galvanometers of 
varying sensibility to be used successively would evidently be 
bolii awkward and costly. Devices are therefore supplied, by 
the aid of which the sensibility of a given galvanometer may 
be varied from its maximum by successive steps to any desired 
minimum, and these devices are called " galvanometer shunts." 

RefertingtoFig,43, let (Jrepresent a galvanometer of resistance 
(?, B the source of the current to be measured, and x a resiat- 
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ance which may be inserted between the galvanometer terminals. 
From the law of divided ciicuits (see page 93), the resistance of 
the circuit formed by the galvanometer and the shunt x con- 

nected to its terminals is -^ and, if the current flowing through 

the battery circuit is A amperes, the fraction thereof that flows 

Ax 
through the galvanometer is - . To take a concrete case, if 

G is 900 ohms, and x is madp 100 ohms, ^ 



'900+100 ~ 

battery current goes through the galvanometer and the same 
current from the hatteiy that would cause a given deflection 
with no galvanometer shunt will cause but one tenth of that 
deflection with the shunt attached, ■ j jJlt*- 

provided, of course, tiiat the gal- [ 'Q 

vanometeria of a pattern in which 
the deflections are proportionate 
to the current. It is usual to 
supply a set of shunt resistances 
like X in the figure, aU built into 
one case and having suitable bind- 
ii^-posts for the attachment of 
the various wires. Such shunts 
are usually made -J, ^, and ^^^ 
of the galvanometer resistance, "«■ **■ 

reducing the sensibility to respectively .1, and .01, and .001 
of the normal. One of them is illustrated in Fig. 44. In order 
to have the simple decimal relationship between the value of 
the deflections when such shunts are used, it is evidentiy neces- 
saiy to have the shunt I'esistances accurately adjusted to work 
with the ^ven galvanometer. A separate shunt-box is there- 
fore required for each instrument. 




Compensated ShutUg, 

It will be noticed that with simple shunts of the character 
just described, the combined resistance of the galvanometer and 
shunt will vary with the shunte of different values. This is a 
feature that is often objectionable, because with a given source 
of E.M.F. the current through the galvanometer circuit will 
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vaiy with every step. It ia therefore evident, if we have 
a given E.M.F, which produced a. given deflection with the one 
tenth sliunt in, this deOectiun is not one tenth of that which 
would have been given with the same E.M.F. and no shunt, but 
differs by an amount dependent on the resistance of both shunt 
and galvanometer. To correct thia, compensated shunt-boxes 
are made, in which, when the movable plug is shifted to insert 
any ratio shunt, there is inserted at the same time an auxiliary 
resistance in the galvanometer circuit, which offsets the changed 
resistance of the whole, and keeps the effective resistance be- 
tween the battery terminals con- 
stant. The way in which this is 
done can he seen from inspection 
of Fig. 45. Owing to the greater 
amount of work involved in ad- 
justment, these compensated shunts 
are far more costly than the type 
described before, and conse- 
quently are in less common use. 

Z%e At/rton Shunt. 
As above stated, galvanometer 
shunts of the types just described 
are open to the objection that each 
must be separately adjusted to 
work with the galvanometer with 
which it is to be used. This ia a 
disadvantage not only in that it 
""■"■ necessitates the purchase of as 

many shunts as the user has instruments, but because if a gal- 
vanometer should be injured and require rewinding, its shunt 
would have to be readjusted too, thus adding considerably 
to the expense. Such shunts are also objectionable in that, 
while correct for a steady current, the indications of the gal- 
vanometer with which they are used are not correct when meas- 
uring current impulses that exist only momentarily, as in 
measuring capacity. The proof of this need not be given 
here, although it may be of interest to note that the tendency 
is to make the galvanometer read too low. 

The universal shunt devised by Ayrton and Mather escapes 
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these objectioiis. This shunt is tiniversal in that it need not 
be adjusted to any particular galvaonmetei- but can be used 
interchangeably witb aU, and the results are accurate wbetiier 
tlie current flow is continuous or only momentary. The 
principle of the Ayrton and Mather shunt can be understood 
from Fig. 46. Here tf is a galvanometer of resistance G, Tl" the 
resistance which is connected to the galvanometer terminals and 
forms the shunt proper, B a. source of current, C the current 
(total) flowing through the battery circuit, c the current flowing 
through tlie galvanometer cir- 
cuit, and R the resistance of the 
conductor, TT/ From the law 
of divided circuits the current 
that flews through the galvano- 
meter is C = 




r+iH -r+G) 

= =- j_ . When the contact 

R+G 
of the source of current is made 
at the extremities, TT' of the 
shunt, the cun-ent flowing 
through the galvanometer is evi- 
dently g = ■ vj - • If, there- 
fore, r be made -j'y of M, only 
■^ of the battery current goes 
through the galvanometer, and 
the deflection for a given bat- 
tery current is reduced to ^. 
If J- be made 01 of R, only yj^ 
of the battery current goes 
"■— ~ through the galvanometer, and 

tiie sensibility is reduced to that amount A commercial form 
of Ayrton and Mather shunt is illustrated in Fig. 47. Here 
there are four steps giving Benaibilities of 1, ^, -jJu and of 
H^T ^^ normal with two additional steps, one short circuiting 
the galvanometer when no current is on, and Ihe other opening 
the galvanometer circuit iteelf. By means of the small hard 
rubber handle shown, the contact carriage may be quickly moved 
along the line of contacto, the galvanometer being watehed at 
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the same time, until a sensibility ia leached which gives a good 
de&eotdoQ. 

ERECTION AND CAKE OF GALVANOMBTEHS. 
Generally speaking, the higher the electrical sensibiUty of a 
galvanometer, the more it ia subject to the influence of mechan- 
ical vibration, and, if placed on an ordinary work-bench or 
table, it ia out of the question to use one in a workshop ; for 
the trembling of the mirror causes the spot of light to jump 
over the scale iu such a manner that no readings can be taken. 
A frequently adopted plan to overcome this annoyance is to 
build a heavy brick or stone column, capped ^vith a slab of soap- 
stone or slate, on which the galvanometer may be placed and 
leveled for use. In order to prevent the communication of the 
vibrations of the building thereto, this masonry pier must be 
carried clear down into the ground, and must be kept free 
throughout its whole length from contact with any part of the 



building. This expedient, of course, is expensive, and local 
conditions are sometimes such that even it does not afford a 
complete remedy ; moreover, the construction of such a pier 
for use in the upper stories of a building is out of tlie question. 

In most circumstances, as good or better results can be 
secured at a less expense, by mounting the galvanometer on a 
heavy timber or stone shelf built solidly into the walls of the 
building, provided tlie machinery foundations are separate from 
the foundations of the walls. With a reasonably well-built 
structure, and not too much moving machinery on the floors, 
good results may be obtained some stories from the ground. 

In cases where this plan does not give a sufficiently steady 
support, the galvanometer may be mounted on a platform hung 
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from springs, and provided with auitable weights. The proper 
adjuBtment of the weight, with respect to the strength of the 
Buspeuding springs, is the principal feature in making a success 
of Uie method. The springs should be rather long, moderately 
strong, and should then be loaded down so as to stretch them 
well. Thus adjusted, the natural period of oscillation of the 
apparatus, as regards vertical displacements, is large, so vertical 
tremors of a comparatively high frequency are, practically 
speaking, completely damped out. High frequency disturbances 
in a horizontal plane are still more completely gotten rid of. 



Should there be a tendency for the apparatus to oscillate in its 
natural period, pendulum-wiae or vertically, it can be overcome 
only by the use of dasb-pote or their equivalent. These may 
be arranged to damp either a vertical or horizontal oBcillation. 
Another good way to damp horizontal movements of long 
period is to fasten rubber bags below the platform, in such 
positions that they may be brought into contact with the under 
side of the platform by inflating them with air. This will stop 
the long period movements, while the bags are not sufficiently 
rigid to communicate short period movements. 
Fig. 48 shows a double platform. On the upper shelf is 
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placed ihe principal weight, while the galTanometer is placed 
on the lower ahelf. The weights and springs should be so ad- 
justed that the natural periods of the two shelves are incom- 
mensurable, which still further tends to damp out vibrations 
of all frequencies. This arrangement is, however, necessary 
only under exceptionally unfavorable circumstances. 

The scale on which the deflections of the beam of light from 




the galvanometer mirror read off is placed on a separate support, 
as, in the case of the pier or shelf arrangement, a support large 
enough to cont&in both would be too costly, and, in the case of 
the spring suspension form, both bulky and offering a chance trf 
trouble if the scale should be aceidently touched by the observer, 
as this would then set the whole apparatus in vibration. A 
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email vibration on the part of the scale is of little importance, aa 
it is not magnified in the same way that the light beam motion 
is, and the scales are, therefore, usually mounted on a simple 
standard at the proper distanoe from the galvanometer, or, in 
special cases, may be supported from overhead. 

In tiiat form of reading device in which a telescope is em- 
ployed, the only requisite is that the general illumination on the 
scale be sufficient to make the scale markings, as reflected in 
the mirror, and viewed through the telescope, readily visible. 
In the pattern where a, beam of light is thrown on the galva- 
nometer mirror, and reflected from there by a translucent scale, 
the apparatus must, of course, be placed in a room, which, while 
it need not be absolutely dark, must have but a low 
illumination in order that the position of the line of 
li^t on the ground glass may be readily discerned. 
The source of Uie beam of light may be an oil lamp 
or a gas jet, inclosed by a metal chimney, having a 
tine slot in one side through which the ray emeiges. 
This is condensed by a lense and thrown on the 
mirror, the latter being concave to prevent disper^ 
sion, and makes a sharp line on the scale. In order 
to obtain a darkened galvanometer room, hangings 
are usually used, which inferfere witii the circula- 
tion of the air, and the room is apt to become stuffy, 
if gas or oil flame is employed. It is therefore 
still better to use an incandescent lamp as the light 
source where possible. The lamp should not have 
a filament of the coiled form, but one of the old 
plain U shape, and the shield around the lamp ^^ 
arranged so that the light from the straight portion 
of one of the halves of the U is what is allowed to fall on the 
mirror. Some foreign makers go so far as to construct a 
special incandescent lamp for this work, in which one leg of the 
filament is made absolutely straight. An example of this is 
illustrated in Fig. 49. 

Few general instructions can be given in a work of this kind 
as to the care of a galvanometer, because the constructional 
details vary in instruments of different makes, and where com- 
plete instructions are not supplied with the apparatus by the 
builders, the application of common sense will remedy the defect 



■do/Google 



72 ELECTRIC AND MAGNETIC MEASUREMENTS. 

Those not accustomed to bandllDg such work will have their 
patience sorely tried, when a auspension breaks and inust be re- 
placed, but they must console themselves with the reflection 
that even experienced useia break many a aew suspension when 
replacing an old one. 
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CHAPTER IV. 

POTEITTIOIEETEKS. 
SLTOE WIRE TYPES. 

The potentiometer is an instrument of precision for electri- 
cal measurements that is sufficiently important to warrant 
devoting an entire chapter to its uses. With its aid, and that 
of certain auxiliary appliances, measurements of potential may 
be made in terms of the E.M.F. of a standard cell, covering a 
range of from a very small faction of a volt to several thousand 
volts, and of currents from a fraction of an ampere to many 
thousand amperes. It may also be used for the accurate com- 
parison of resistances, and therefore indirectly for the meas- 
urement of temperatures vaiying from below freezing to 
1,200° C. 

The principle of the ordinary potentiometer may be under- 
stood by reference to the accompanying Fig. 50, Here MN is 
a straight wire of convenient length and as high resistance as 
possible consistent with mechanical durability. To its ends are 
attached leads from a battery, B, usually a stor^e cell giving a 
potential of about two volts, in circuit with an adjustable resist- 
ance, R, by means of which the difference in potential between 
the points M and N may be adjusted to any desired value 
lower than the cell potential. To the point M there is also 
connected a wire running to one pole of a double-throw switeh, 
D. By means of a suitable device, C, contact may be made at 
any desired point along the wire, MZV. The connection running 
from the contact, O, passes through the galvanometer, G, to the 
other pole of the double-throw switeh, J). When D is thrown 
to the position shown in the figure, it connects the wire terminal 
attached to one end of tlie wire, MN, with one pole of a standard 
cell, S, and the adjustable contact, C, with the other pole of that 
cell. When the switch, D, is thrown to its other position, the same 
points are connected with the unknown E.M.F. to be measured. 
The standard cell has a resistance, Y (usually about 10,000 ohms), 
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connected in series therewitli, which resistance may be short cii^ 
cuited by the switch shown, and the galvanometer is provided 
with a shunt, S, which may be cut in or out by means of its switch. 
When a potential measurement is to be made, the switch, D, is 
thrown so as to couple in the standard cell, the resistance, r, 
being in the standard cell circuit, and the shunt, S, across the 
galvanometer terminals. If the wire, MN, has an adjacent 
scale divided into 2,000 equally spaced divisions, and the E.M.F. 
of the standard cell at the temperature at which it is being 
worked is 1.434 volte, the contact, C, is placed 1,434 divisions 
away from M, and the rheostat, Ji, varied imtil the galvanom- 
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eter shows no deflection. The shunt, S, across the galvanometer 
terminals is then cut out so as to increase the sensibility, and if 
the galvanometer then shows a small deflection, the rfieostat, R, is 
further atljusted until that deflection disappears. As the 
strength of the current from the battery, B, through tiie wire, 
MN, is now such that it causes between 1,434 of the 2,000 spaces 
in which tliat wire is divided, a drop of potential of 1.434 
volts, the difference in potential between iWand JVis evidently 
two volts. If therefore the switch, D, is thrown over, so as 
to apply to the points, M and C, an unknown potential, whicli 
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most, of course, be leas than two volts, and the contact, C, is 
moved along the wire until the galvanometer shows no defleo> 
tion, the E.M.F. of the source to be measured is given directly 
by a number of the divisions between Jf and C, each of which 
divisions represents .001 volt 

In actual practice the length of the wire, MN", is usually 
made about one meter. If it is longer t^e apparatus becomes 
awkward to handle, and if much shorter it is extremely diffi- 
cult to read its scale, with 2,000 divisions, without straining the 
eyes. 

A more practical form of potentiometer is dif^^animaticaUy 
shown in Fig. 51. It will be noticed that this differs from the ele- 
m'entary one in that the resistence between the points M and iVis 




DO longer composed of a single straight wire, bat of fourteen coils 
of wire, each provided with an appropriate terminal, plus tbe 
straight wire. The resistance of each of the coils is the same 
as that of the straight wire, MN*, and both of the wires running 
to the multithrow switch terminate in contacts which may be 
moved along the resistance, MK In this form, if the rheostat 
R, be adjusted so that the difference of potential between M 
and iVis 1.5 volts, the fall of potential between the terminals of 
each of the fourteen coils is one tenth of a volt, and if the wire, 
MN, be divided into 1,000 divisions, the difference of poten- 
tial between each will be luJu^j of a volt ; in other words, tiie 
arrangement is made ten times as sensitive as the elemen- 
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tary fonn by the addition of supplementary coils. The length 
of the wire, Mlf, amy be made somewhat less i^tm a meter, but 
if the apparatus is to be used for cousiderable periods at a time, 
ibe length should not be less than two feet, because of the strain 
on the eyes of the observer, due to the fineness of the divisions. 
The modified form has an additional advantage over the ele- 
mentary, in that the resistance between the points Jf and JVis 
far higher, and there is therefore less current drawn from the 
battery B, with a consequent less liability of change in strength 
of that current. In both it is essential that the straight wire be 
of uniform resistance throughout its length, in order that Iha 
drops across equal portions thereof may be uniform. 

Ct^mition of the Slide Wire. 

As the accuracy of a slide wire potentiometer depends funda* 
mentally on the assumption that the wire is of uniform resistance 
throughout its length, and as ihe ^sutts given by it are erone- 
ous unless this holds rigorously correct, it is well that a user 
should know how to investigate this point for himself. 

Accurate checking is at best a tedious procees, the following 
being probably the most convenient method : First, two stand- 
ard resistance coils of a value which may conveniently be in the 
neighborhood of one ohm each are selected, and these must then 
be adjusted so that their resistances are exactly alike. This is 
usually accomplished by shunting the higher resistance one 
with a plug resistance box and altering the box resistance until 
the two are shown by any convenient one of the methods de- 
scribed in the chapter on resistance measurements to be exactly 
the same. That fine adjustments are possible in this manner is 
evident from consideration of the fact that if the box has a 
resistance of as low as say 2,000 ohms, and this is placed in 

1 X 2000 
shunt to one ohm, the combined resistance becomes ann-i 

ohms, or approximately, .9995 ohms, a variation of .05 per cent 
Having by such means obtained two exactly equal resistances, 
adjust one of them so that its resistance ditTers from that of the 
other by a very small but definite amount, which it may be 
assumed ia obtained by shunting it with 1,000 ohms. If each 
of the resistances were originally x ohms, the one shunted by 
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ohms. The two coils differing by the known 



1000 -t 

amount, derived from the above formula, are then used aa the 
coils A and B in the arrangement shown in Fig. 62, which figure 
will be understood to be merely diagrammatic. In the same 
figure oi form tlie terminals to which the extremitiea of the 
wire under test are secured and e and/, terminals for another 
bare stretched wire, whose resistance per unit of length need, 
however, not he uniform. A battery and a galvanometer are 
also provided as shown. The galvanometer contact O is now 
moved along the wire e/, until the galvanometer shows no de- 
flection, witii the contact O kept constantly at position 1 ; this 
point is noted, and the ooila A and B interchanged. The gal- 




vanometer can again be brought back to zero by moving Cto the 
point 2. The distance between the points 1 and 2 of the wire 
imder test is then the difference of the resistance of the coils 
A and B. The coils A and B are now put back in their origi- 
nal positions, and being kept at the point 2, the contact <? 
shifted to another poaition, (?', on the wire ff, where balance 
is restored. This evidently iorms a fresh starting point, and 
the resistance of the section 2-3 of the wire under test may be 
found in terms of the difference between the resistances A and 
B. The process is repeated until the whole wire oJ has been 
divided up into sections of equal and known resistance. If 
these coincide with the scale markings on the potentiometer as 
Becui«d from the maker, it may safely be presumed that tlie wire 
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has been properly tested for and adjusted to uniformity, or else 
that the scale has been drawn to allow £or inequalities in the 
wire. 

When calibrating a wire that has not been checked before, it 
is usually advisable to make the above test more than once, 
using fresh values of difference in resistance between A and £, 
in order that the measurements will include practically every 
section of the wire length. 

A rougher test of the uniformity of resistance of a slide wire 
may be made by passing a continuous current of an appropriate 
constant strength through it and then by means of a pair of 
contacts held rigidly spaced at a small distance apart, observ- 
ing whether the deflections of a galvanometer attached to the 
contact terminals are the same wherever on the wire length the 
contact may be applied. If they are, the wire is evidently 
eleotiioally uniform. 

Contact DevieeB. 

The device used to make contact with a potentiometer wire 
must be carefully consti-ucted in order that its position with 
reference to the fixed scale may be accurately read ofF and tliat 
the operator cannot mar the wire when making contect, and thus 
destroy the uniformity of its resistance. The form of contact 
used in the old model Crompton potentiometer, which instrument 
is built on the principle illustrated by Fig. 51, is illustrated in 
Fig. 53. Here S is the extremity 
of a long weak spring, which 
tends to press downward the 
wedge-shaped block secured to 
the end of the spring. The down- 
ward tendency of S is more than 
no. St. overbalanced by the upward pull 

on it exerted by the button-shaped head of the plunger, 
P, beneath whose shoulder there abuts a spiral spring. P is 
the knob that is depressed by the operator when it is desired 
to make contect with the wire and the exertion of considerable 
pressure on the knob, P, will not increase the pressure of the 
contact on the wire, as P simply releases the weak spring that 
carries S, and the pressure on the wire is determined solely by 
the elasticity of that spring. The knurled-headed screw pro- 




■do/Google 



POTENTIOMETERS. 79 

jecting from the end of the contrivance works a micrometer 
screw to make very fine adjustments. An even more elaborate 
form of contact is shown in Figs. 54 and 65, this being one 
designed by Callender and Griffiths for use with their labora- 
tory standard bridges. It is made in two parts, one of them, 
ABA', sliding against the non-^^raduated guide bar that is 
placed parallel to the graduated scale, and the other against the 
graduated bar. The first part is steadied by means of springSt 
placed as shown, that keep it in contact with its guide, and the 
second piece in a similar manner has a flat spring between it 
and the first. To the sectioa ABA' is attached a bracket 
carrying the screw S, which is used to make fine adjustments. 
When this is turned, the inner block, f , alone moves, as its 
pressure gainst the graduated bar is only that due to the spring 
at £1^, whereas the pressure of the outer portion against the 
guide bar on which it slides is the pressure exerted by the 
spring US', plus that of the springs at AA'. The wire, W, 




is brought into contact with the sliding wire itself, and the one 
parallel to it attached to the galvanometer terminal by turning 
the screw, C, and forcing the slide and galvanometer wires down 
on one running at right angles thereto. By this means a very 
definite point of contact may be obtained. It is very ditBcult 
for a careless operator to injure the potentiometer wire with 
this form of bridge, for if it were attempted to move it 
without releasing the screw, C, the outer block, ABA', would 
simply move relative to the inner one without tearing or deform- 
ing the wire. 

In commercial potentiometers where laboratory sccuraoy is 
not required and the item of cost comes into consideration, it is 
becoming more common practice to use a simpler form of con- 
tact in connection with tlie elide wire. This device is continu- 
ally in contact with the wire, and is simply slid along from one 
position to the other when readings are being made. Such con- 
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tacts usually take the form of rather blunted knife edges at 
right angles to the wire length, being pressed against the slide 
wire by a weak spiing and supported by a rigidly guided block. 
The spring tension must be adjusted with great care to avoid 
the -wear on the slide wire that would ensue if it were too great, 
and the uncertain contact that would exist if it were too small. 
The spring adjustment is usually fixed by the maker of the in- 
strument and no means are provided by which the user can 
change it later on. 

With the constantly engaged form of contact it is necessary to 
he particularly careful to see that both the wire and contact are 
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perfectly clean, as any grit would cause rapid and, of course, un- 
even wear, which would destroy the uniformity of the resistance 
of the wire, and hence the accuracy of the whole device. In the 
present type of the Crompton potentiometer, which is probably 
the best known of the slide-wire type instruments, the wire 
itself, as well as all other moving contacts, are, as is shown by 
Fig. 56, completely enclosed and shielded by plate glass. 

In one form of the Leeds and Northrup instrument, shown in 
Fig, 57. the slide wire is exposed on the surface of the marble 
drum about which it is wound in a manner tiiat renders it easily 
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accessible for cleaning with a soft cloth, or fine (issue paper. 
In both instruments it is necessary to keep the wire coated with 
a thin film of vaseline or paraffine oil, as this is found to eliminate 
the otherwise troublesome thermal E.M.F'a set up at the point 
of contact and, of course, diminishes the wear. 

In a later design of the Leeds and Northrup potentiometer, 
the marble drum is covered by a cylindrical shield to protect it 
from dust- 



All potentiometers of the slide-wire type are somewhat 
objectionable in that their necessarily low resistance means that 



a fairly heavy current is required from the working battery, a 
condition that involves more rapid polarization with a conse- 
quent change in the drop along the wire. To check up the cor- 
respondence of the wire and its scale is further, as is evident 
from what has before been said, an extremely tedious operation, 
and one calling for auxiliary apparatus of a kind that is not 
always available. On the other hand, the low resistance poten- 
tiometer is better suited for making measurements of very email 
potentials, and being continuously adjustable, has an iufiuite 
number of steps in contrast to any step by step design. 
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BBSISTANCE COIL PUTBNTIOUBTBBS. 

PoteDtiometers having a relatlTely high resistance mar be 
made by subfltitutdng for a straight wire a set of resistance coils 
electrically connected in series, and with their terminals attached 
to contact plates or buttons. 

If it be desired to work to the fourth or fifth decimal place 
the number of coils that would be required, if a separate one 
were provided for each step, would be prohibitively large, one 
thousand, for instance, being needed to replace the Slide wire 
alone if the wire scale of the Crompton instrument was to be 
duplicated. 

To avoid this a modification of the Yarley slide, which is 
analogous to the vernier used in mechanical measurements, is 
used. Referring to Fig. 58, in which the apparatus is diagram- 
matically illustrated, between the points A and there are 
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fourteen coils, each of 1,000 ohms resistance, connected to the 
terminal contacts shown. Between the points C and B-, 10 
resistances of 10 ohms each are similarly connected. Between 
E and F there are 9 coils, each of 1,000 ohms resistance, and 
between O and M, 9 coils, each of 10 ohms resistance. The 
terminals of EF and GR are connected to a pair of contact 
points, JOf and M'M', respectively, rigidly coupled together by 
means of an insulating piece, and held separated by a distance 
equal to the space between the contiict buttons of the coils com- 
posing AC and OB respectively. Referring first to section AC 
of the apparatus, the drop of potential Iwtween the buttons 
under MM is evidently that due to the flow of tlie current 
through a circuit composed of 1,000 ohms resistance shunted 
by 9,000 ohma, namely, a circuit of 

9000X1000 „„„ , 

_-, _ = 900 ohms. 

9000 + 1000 



■do/Google 



POTENTIOMETERS. 83 

As this drop is that between E&nd F, which in turn is com- 
posed of a series of nine equal resistances, the drop between 
any two buttons on £F is evidently that due to the cur- 
rent flowing through a resistance of one ninth of 900 ohms, 
namely, 100 ohms. In an exactly similar way the drop be- 
tween the contact buttons of the resistance forming the series 
Gff, is that due to the current Sowing through 1 ohm. In 
other words, if adjustable contacts be made to slide over lEF 
and Q-ff, the total drop may be varied in four steps, the unity 
atepa being caused by shifting the contact, I, along GH, the tens 
steps by shifting ATM' along OB, the hundreds steps by shifting 
J along EF, and, finally, the thousands steps, by shifting MM 
along AC. The total range is made to take in 1,500 units in 
order that the value of the E.M.F. of the standard cell to be 
used for comparison purposes may be set off directly to steps 
corresponding to a resistance of 1,434 ohms if the Clark cell is 
used, or 1,019 ohms if the Weston cell is used, whereupon any 
E.M.F. to be measured in terms of the standard cell could be read 
directly by steps of .0001 volt each. 

The resistance of the contracts at MM, M'M', J, and /intro- 
duce errors that are inappreciable. Taking, for instance, the 
case of the contacts M'M', if these had a resistance as high as 
0.1 ohm, the 10-ohm coil, to whose terminals connection is made, 
is shunted by 90.1 ohms instead of 90 ohms, and the resultant 

resistance is ~ ^ = 9.001 ohms instead of 9 ohms, which 

10 "^901: 
is afi error of only about .01 of 1 per cent 

As the resistance coils entering into the construction of this 
type of potentiometer are all of either ten or one thousand ohms 

value, it is a very simple matter to check the adjustment at any 
time as almost every testing installation includes apparatus by 
means of which resistances of this order may be compared with 
a high degree of accuracy. Each contact button usually has a 
hole drilled in it at some convenient point and is provided with 
a set screw, so that it is easy to attach wires to the terminals of 
each individual coil to measure its resistance. 

It should be noted that it is not essential even that standard 
resistances of 10 and 1,000 ohms respectively, be available, as all 
that is necessary in order to have the apparatiis read correctly 
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is that all the 1,000 ohm resifitaiices shall be alike and all the lO 
ohm resistances aUke, and equal to one one-hundredth part of 
the nominal 1,000 ohm resistances. Any one of the coils may, 
therefore be used as the standard of comparison, and if tiie others 
agree with it the apparatuB is in proper shape. 

Leedt and Northrup Potentiometer. 
A potentiometer of the step by step type using the Varley 
slide, is shown in plan view in Fig. 59, the connections of the 
same being iUustrated by Fig. 60. It will be observed that ttie 
series of coiIb in the right-hand side of the figure, that is to say, 
between C and B, is provided with a slide on a alidCt thus in- 
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creasing the number of readable steps to 15,000. A feature of 
great convenience in this potentiometer is the arrangement for 
throwing in the standard cell for making the initial adjustment 
of the rheostat R in the working cell circuit and of allowing the 
checking at any instant of the fact that the current sent through 
the potentiometer by the working cell has remained unchanged, 
both without necessitating a resetting of the five radial switch 
arms to the positions corresponding to the standard cell voltage. 
This is accomplished as follows : In Fig. 60 the resistance 
of the fifteen 1,000-ohm coils between A and C, one of which 
is always shunted by 9,000 ohms, is 14,900 ohms, and of the 
ten 10-ohm coils in GB, as shunted by the double slides, 99,9 
ohms, a total of 14999.9 ohms. 



■do/Google 



POTENTIOMETERS. 



85 



Now, assuming that a non-saturated solution Clark cell is to 
be used as the standard, the maximum temperatuie at which 
this will be employed would hardl; exceed 32° C, at which 
point its E.M.F. would be, according to the formula before 
given, 1.4356 volts. 

Now, if the standard cell were at E and the double pole- 
switch U in the position shown, the various slides would have 
to be set to positdons making the drop at tbe cell terminals, that 
is, across 14,355 ohms, in order that when the working cell cur- 
rent waa adjusted by the liieostat, R, so that there would be no 




deflection of the galvanometer, (?, when the key, V, was closed, 
the drop per readable point on the potentiometer should be 
exactly .0001 volt 

By simply shifting the double pole-switch, U, to iia other 
position, however, it will be seen that no matter where the 
slides may be placed (with a single exception to be noted 
presently) the resistance across which the cell terminals is 
connected h AC (13,900 ohms), plus GB (99.8 ohms), plus K, 
which Utter is made 355.1 ohms, a total of 14,335 ohms, or 
just what is required. To allow for the increased E.M.F. of 
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ttfl st&Ddard cell with decreasing temperatures, the series of 
coils between T and S is added, the value of each coil being 
made such that when the plug shown in the diagram as at 7'is 
shifted to another position, stamped as shown in Fig. 59, with 
the different temperatures that the cell may have, the total 
resiBtance between the terminals of i? is added to sufGciently 
to effect the necessary compensatdon. 

The one position of the slides at which the resistance of the 
aeries AC is not 13,900 ohms, is when the slide for that series 
spans the first coil, Aa. To avoid its being necessaiy for the 
operator to make inspection each time to see that the slide is not 
in that positioa when making a standard cell setting or check, 
the coil ac is divided into two eectioos, ab of 100 ohms, and be 
of 900 ohms. The small single pole-switch shown at that point 
and cleariy illustrated also in Fig. 59 is mechanically interlocked 
with the slide arm lever in such a manner that when the latter 
is at the position Aa it connects the standatd cell to h, and when 
the slide is at any other position it connects the cell to a. Of 
course, when the standard cell is of a type having some voltage 
other than that of the non-saturated solution (Clark) the value 
of the resistance at K, and, if necessary, the point of attach- 
ment of a, is appropriately changed at the time that the appara- 
tus is built. If the cell has no temperature coefBcient, the 
ooUs TS are omitted. 

Other potentiometer constructions which maintain a constant 
resistance of the working cell circuit and at the same time 
allow a shifting of the points at which contact may be made 
along that circuit are feasible, and, in fact, ia some use, but the 
two above described are the most common and the best suited 
to ordinary requirements. 

Before leaving the general subject of the potentiometer 
method of measurement, it may be well to point out that one 
reason for the great accuracy attainable thereby is that it is 
a zero method, that is to say, the results are obtained when a 
galvanometer shows an absence of current rather than when 
it gives a certain deflection. In this way errors due to varia- 
tions of magnetic force when meaaurement is going on, to 
alterations in resistance of the galvanometer circuit because of 
temperature changes, to an alteration in the restoriug force 
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of tiie galvanometer system, to a change in potential of the 
standard cell due to drawing too great a current from it, and to 
varying contact resistances, are all eliminated. 

The Lorenz apparatus for the determination of resistance in 
terms of the fundamental units, as described on page 6, is 
an example of the potentiometer system of measurement as 
is likewise the method of plotting the wave forms of alternating 
currents described on page 259. Other applications are 
numerous. 

MEASUREMENT OF E.M.F. WITH A POTENTIOMETEE. 

The method of measuring the difference of potential between 
any two conductors led to a potentiometer is fairly obvious 
from the foregoing descriptions of this class of apparatus. 
The procedure involves, first, the establishment of a known 
difference of potential per step, if the potentiometer is of the 
step by step type, or per scale division, if of the slide wire type, 
by adjusting the strength of the current supplied by the work- 
ing cell until the standard cell voltage is exactly balanced by 
the drop over the number of steps or divisions equal to its 
voltage. 

The unknown E.M.F. is then applied to the series of resist- 
ances by manipulating the sliding contacts until a point is 
found where no current flows through that branch circuit, 
whereupon it is known that the difference of potential between 
the ends of the circuit is the same as that existing across that 
number of steps of the potentiometer. 

Volt Boxes, 

It is obvious that none of the potentiometers so far described 
is suitable for the measurement of potentials in excess of 1.5 or 
2 volts. To measure higher ones, devices called " volt boxes " 
are used, which are simply coils of wire of high resistance hav- 
ing terminals attached so that one half, one tenth, one one-hun- 
dredth, or any other desired fraction of the total E.M.F. between 
the volt-box terminals exists between the one end of the volt 
coil and the lead selected. Where the potentiometer is to be 
used to cover a wide range of measurement, the volt box is 
made to contain several coils, often having a resistance of 50, 
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50,400 and 9,500 ohms respectively, connected in series aa 
shown in Fig. 61. From this figure it is evident that if the 
leads to the potentiometer be attached at a and b, a difference 
of potential as high as SOO volts may exist between a and e with- 
out making the E.M.F. applied to the instrument come above ite 
maximum capacity of 1.5 volts, in other words, the volt bos is at 
that step a multiplier of 200. If the potentiometer connection 
be made at a and c the potential difference between a and e may 
be as high as 160 volts without exceeding the potentiometer's 
capacity, and the volt box acts as a multiplier of 100 ; similarly, 
the step ad forms a multiplier of 20, permitting the measure- 
ment of potentials up to 30 volts. 

When the voltage to be measured is over 1.5 and less than 3 
volts, the range of the potentiometer itself may be temporarily 

^ Applied E.M.F -S"! 
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doubled by using two standard cells in series instead of one, and 
two working cells in series instead of one, the value of the 
potential difference per scale division being tlius doubled. This, 
however, means the passage of a curi'ent of twice the normal 
strength through the potentiometer, and it should first be ascer- 
tained whether the device can safely withstand that overload. 

CnBRENT MEA8TTRBMENT3 WTTH THE POTENTIOMETEB. 
Currents are measured with the aid of the potentiometer by 
determining, in terms of the E.M.F. of a standard cell as usual, 
the drop in potential across a known standard resistance, 
traversed by the current whose strength is to be ascertained, and 
then calculating the current from Ohm's law. Such standard 
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resistances must, of course, be selected to hnye a valne which 
will give a sufficieotly large drop when' traversed by the coi^ 
rent to enable this to be accurately read, and must also have a 
section lar^e enough to carry that current for a sufficient time 
to make the test, without heating to an extent tliat appreciably 
increases the resistance. 

While such standEud low resistances, or shunts, as they are 
sometimes called, are usually purchased by a user as a finished 
piece of apparatus, it may not be oat of place to point out some 
of the precautions that must be observed in their proper design, 
as these have some bearing on their use. Moreover, it is some- 
times desirable to extemporize a shunt, as can readily be done 
by taking a suitable resistance and calibrating it by measuring 
its value in terms of any of the sizes of shunts already on hand 
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by the potentiometer resistance measuring method to be de- 
scribed presently, and in that case a failure to observe the pre- 
cautions is apt to make the results inaccurate. 

Standard Low Renttancet. 
Standard tow resistances, then, may not consist of a simple 
sheet of resistance metal through which the current to be 
measured is parsed and between any two equidistant points on 
which the drop is taken, unless the points of attachment of the 
main and potential wires are always the same. This is because 
the current Bowing through a sheet will distribute itself differ^ 
ently with different points of attachment of the terminal wires. 
Fig. 62 illustrates this point. Here ^ is a resistance sheet 
into which the current is lead by a terminal, a, secured to the 
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upper left-hand corner, and out ^ain through the upper right- 
hand comer, J. B shows the same plate with the current led 
in and out through diagonally opposite comers, and C, the same 
thing again, but with the current conducted through it by con- 
ductors attached to the center of the plate at each end. The 
curves in tlie ligures are lines connecting the points of equal 
potential as foimd by actual measurement with a galvanometer 
and exploring points, and are credited by Mr. Fisher to Mr. A. 
C. Keep. The author has made similar tests which substantiate 
these. The proper current distribution in the plate is attained 
only by working along the lines shown in J) of the same figure, 
where there are heavy terminal blocks, either of another mate- 
rial than the resistance sheet, or else heavy masses of ihe same 
material. Even with this form care must be taken in propor- 
tioning the terminals, for if their size be inBuiBcient or the re- 
sistance of the attached lugs too high, the distribution may be 
affected to an appreciable d^^e. 

Another important consideration is the location of t^e con- 
tact points where attachment is made to the potentiometer or 
other apparatus for measuring the drop due to the current flow. 
In shunts for commercial indicating instruments where the 
highest accuracy is not required, it is not uncommon to attach 
these drop studs to the terminal blocks, as by this means a 
maximum drop is obtained and a saving in material is effected. 
This location is not only apt to bring the drop studs to a 
position where the equipotential lines are disturbed when cur^ 
rent is led into and out of the terminal blocks at different angles 
but to introduce thermoelectric potentials, which, whether they 
be opposing or assisting the drop due to the current, of course 
introduce errors. These foreign potentials are generated for 
the following reasons. The material of the resistance strip is 
ordinarily different from that of the terminal blocks, the latter 
being usually of copper and the former of some resistance alloy 
like manganin or Gemian silver. If the temperature at tiie 
junction between the resistance plate and one terminal lug be the 
same as thatat the junction between the plate and the other lug, 
the thermoelectric E.M.F. between one of them and the resis- 
tance sheet is equal and opposite to that between the resistance 
sheet and the other lug, and hence there is no difference of 
potential between the contact points on the lugs due to that 
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source. If, however, as is often the case, one of the junctioos 
be hotter than the other, due, perhaps, to imperfect Boldering 
between the resistance sheet and the lug, or perhaps to a poor 
contact between the lug and the wire which carries the current, 
the heat generated thereby being conducted by the lug to the 
junction generates an E.M.F. The potentaaL between tlie sheet 
and one lug becomes, therefore, greater titan that between the 
sheet and tfie other lug, and the algebraic sum of these poten- 
tials, namely, their arithmetical difference, represents a foreign 
difference of potential that will exist between the points oi 
attachment of the measuring instrument. 

The author has known of instences in which these potentials 
amounted to fully 5 per cent of the difference in potential 
between the drop studs, due to the full capacity current flow. 
The objection can be overcome by the simple expedient of at- 
taching the drop stud to the resistance sheet, as indicated at d, 
Fig. 62, instead of the outer lugs. This is at the expense of 
increased weight and bulk, but safeguards f^ainst errors that 
are large enough to be objectionable when making measure- 
ments of any accuracy. 

RBgiSTANCE MEA8DEEMENT WITH A POTENTIOMETBB. 

The method of comparing resistances with the aid of a potentio- 
meter is very simple ; it consists of coupling together in series 
a standard resistance and the one under test. A current of 
suiteble strength is sent through these resistances and the drop 
in potential across them is measured by means of the potentio- 
meter. The resistances, since the current in both is the same, are, 
according to Ohm's law, indirect proportion to the drops. For 
such resistance work it is very desirable that the multi-throw 
switch of the potentiometer be provided with at least three pairs 
of contacte for making connection with external circuits, on© 
pair being for standard cell, as usual, one for the standard resis- 
tance, and the third for the unknown resistance. In this way a 
simple movement of the switeh arm throws in the resistance to be 
measured, while the drop readings may be taken in such quick 
succession that there is but an inappreciable chance 9f any 
change in the current during the operation. 

This Eastern of resistance measurement is capable of a very 
high degree of accuracy, results that are correct within one 
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part in 1,000 being attainable with very ordinary care. When 
tiie iBBiBtance to be measured is of a very different order from 
that of the available standard, the measurements are preferably 
made indirectly, by first coustrueting a secondary standard hav- 
ing a value of one tenth, or ten times, as the case may be, of that 
of the primary one, and working from that, or even a tertiary 
standard adjusted from it in a similar way. Another method 
of accompUshing the same end consists in taking the drop from 
the unknown standard through the volt box already mentioned, 
and leading only a fraction thereof to the potentiometer. If, 
for instance, we have a resistance to measure approximately .01 
ohm in value, and our available standard is 1 ohm, the two 
may be joined in series and the terminals of the 1 ohm stand- 
ard connected to the volt box. If, then, those potentiomet«r 
terminals of the volt box are selected that give the ratio of 
one one-hundi-edth, the drop across these with a given cur- 
rent flowing through the standard is one one-hundredth of the 
drop across the terminals of the standard itself, and the same 
as the drop that would be given when the same current trav- 
ersed ft resistance of .01 ohm value. It is evident that tests 
made as above are best suited for comparatively low resistance 
work. 
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CHAPTER V. 
^tS HEASUKSHBHT OV SKSISTAHCB. 

Rbsistancbs of different ohmic value must be measoied by 
using different t«at8 if the results are required to be determined 
to a high degree of accuracy. While there is no hard and fast 
line of demarkation, resistaacee may be conveniently divided into 
three groups, namely, medium resistances, tbie including those 
lying between .1 ohm and 1 megohm ; low resistances, under 1 
ohm ; and high resistances, over 1 megohm. 

Before considering the various methods and appliances for 
resistance measurements, it will be beet to glance briefly at the 
laws determining the resistance of electrical conductors grouped 
in various combinations, as the meaiSurement of such combinn- 
tions or networks is a very common problem. 

When we have several conductors connected in series the fact 
that the combined resistance of all ia the sum of the individual 
resistances is almost axiomatic. 

When the conductors are connected in parallel their combined 
resistance can be calculated by the formula derived as follows : 
Referring to Fig. 63 let ^ be a conductor having a resistance 
designated by S^ and R^ a second conductor having similarly a 
resistance ^,, the two being joined in parallel as shown ; let the 
current through R^ be designated ^ and that through R^ by ^, 
the total ctiirent being I. According to Ohm's law we now have 

^-R,'^^^-R/ 
r"being the difference of potential between the junction points 
A and B. 

Let now R be tlie combined resistance of the two conductoiB 
in parallel, that is to say, the lesisUince that we desire to ascer- 
tain. We then have 

or aa 7 = i, + ^, 

"JJ, ii," 
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Where more than two conductore are connected in parallel, 
their comhined resistance may be ascertained by first determin- 
ing the resistance of one pair from the above formula, finding 



"i^ 



the combined resistance of this pair and the next succeeding 
conductor by substituting the value of the pair resistance for 
that of a simple one, and so on throughout. 

As all systems of conductors must be connected either in 
series or parallel, or combinations of the two, any resistance can 
be calculated if that of its elements be known, by the application 
of the above simple principles. However, although the princi- 
ples Hiemselves are very simple, their practical application to 
networks of conductors may sometimes involve the solution of 
complicated equations.* 

MEASUBBItrBHT OF MeDIUK RESISTANCES. 
THE WHBAT8TONE BBIDGE. 

The Wheatstone bridge is a network of six conductors, inter- 
connected as shown in Fig. 64. Four of them, lettered A, B, 
and X respectively, contain resistances only. In one of the 
remaining branches there is a galvanometer, and in the other a 

* An Interasting example of the for^oin^ is the calculatioD 
of the resistance of the network of five conductore shown 
in the marfclnal figure, between the points + and — . AC fimt 
glance it would seem aa If this should be i;iven b; a simple 
expreMlon, but acCuallj the formula, calcuUted by Townsend 
WolcoU is : 



i^(R,+ n^> + Bj(H. + H4) 



Id this R Li the totai resistance and it with sabecrlpt letters, th« 
of the respectively lettered branches. 
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Bouice of current. If) with all the connections as shown, the 
galvanometer gives no deQection, its terminals ai'e, of course, 
attached to points in the network which are at the same poten- 
tial. In these circumstances, if A, B, C and X represent the 
resistances of the conductors whose identity they respectively 
indicate, the relation of the resistances is expressed by the 

equation, _= -^. This may be demonstrated as follows: It 

is obvious, from the dii^ram, that the current is divided into 
two branches ; one through A and B, the other through C and 
X. Call the current in A and B, /,; tlie current in C and X, 




^.|,»»t.ted. 



I^. By hypothesis, the drop over A equals that over C, and 
the drop over B equals that over X. That is, 

AI^ = 01^ (1) and 57. = X^ (2). 
Dividing (1) by (2), we have, 

A _C 

B~ X' 
From the last equation we obtain. 

When this condition of balance exiats, the conductora containing 
the battery and the galvanometer are said to be conjugate ; the 
battery and the galvanometer may be interchanged and the 
resistance of one or both these conductors may be altered with- 
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out disttttbing the balance. This is a most important fact, and 
is the foundation of several other methods of testing. 

If X be an unknown resistance, and the lesistance of and 
the ratio of the resistance B to the reeistAnoe A be known, then 
X can be calculated. The £ict that the ratio of £ to A enters 
into the calculation, makes it possible to cover a lai^ range of 
measurement with a comparatively limited range of the adjust- 
able resistance, 0. If, for instance, B and A be equal, the 
resistance of X equals that of C. If £ be ten times A, X ia t«n 
times C, if 5 be -j^y of A, X is -j Jj- of C, etc. 

In the commercial form of the Wheatstone bridge, the resist- 
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ancea A and B, commonly termed the " ratio arms " of the 
bridge and the variable known resistance' 0, commonly called 
the " rheostat arm," are geometrically arranged in a different 
manner from that shown in Fig. 64, in order to economize 
space; the electrical connections, however, remain the same. 

Pott- Office Pattern. 

The arrangement of Wheatstoue bridge coils still in most com- 
mon use ia called the " Post-office pattern," it being the form 
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adopted by the British Post-office many years ago. A plan view 
ol a PostM)ffice bridge ia given in Fig. 65, the wiring conneetions 
being shown by the heavy lines. As will be noted, keys are in- 
serted in the battery and galvanometer cii^ 
cuit8, in order tliat these may be manipulated 
at tJie will of the operator. The separate re- 
sistance coils forming the bridge ana rheostat • 
arms are made as nearly non-inductive as pos- 
sible, by making each one of a loop of wire, 
that is, a wire doubled on itself before wind- 
ii^. After being adjusted to ihe proper 
resistance the terminals of these loops i 
soldered to heavy brass, blocks, as is shown ""*' "■ 

in Fig. 66. Taper plugs may be inserted, that fit snugly be- 
tween the members of each pair, which when in place short 
circuit their respective coils and offer a negligible resistance. 
To insert given resistance in circuit, therefore, the plug 
making connections between the two terminals is simply re- 
moved. 

It is common to give the resistance coils the value in ohms 
indicated by the numerals in Fig. 65. As can be seen by in- 
spection of this figure, resistances of from 1 ohm to 11,110 
ohms, varying by steps of one ohm at a time, are attainable in 
the rheostat arm, by pulling out the proper plugs, and the ratio 
anns may be adjusted from a given value of the B divided by A 
ratio, of 100 to 1 to a value of same ratio of ^ Jj, thus making 
the theoretical range of the instrument from 1,110,000 ohms 
to .01 ohms. 

In the original Post-office pattern bridge, the galvanometer, the 
battery, and sometimes even the galvanometer and battery keys 
form separate pieces of apparatus. These, plus the bridge itself 
and the necessary connection wires, form an assemblage of 
apparatus that is too bulky and awkward to use for ordinary 
commercial work, particularly when the devices have to bn 
transported from place to place. Combination sets in which 
the battery, galvanometer, and keys are all built into a common 
carrying case, and the various wiring connections between tjiem 
permanently made, are the favorites to-day, except for labora- 
tory work. An instrument of this class is shown in Fig. 67. 
Here the battery power is furnished by six dry cells arranged in 
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a separate oompartmeiit at the right, and corda are fitted in such 
a way that any number of the cells, from one up to six, may be 
used at will. The galvanometer is of the class in which the 
moving system is supported by pivots instead of suspension 
fibers, and the indications given by a needle playing over a scale, 
instead of a beam of light, as in the reflecting form. This, 
while not as sensitive as the other pattern, is sufficiently so to 
enable readings to be made to a fraction of a per cent when 
measuring resistances falling within the favorable range of tlie 
bridge (.1 ohm to 100,000 ohms). Itiscompact, does not require 
accurate leveling, and is sutiliciently robust to withstand ehip- 
I»ng. A plug-reversing switch lettered AXBR in the figure'is 
inserted in the bridge arm circuit. By means of this the con- 
nections of the bridge arms to the rest of the network may be 




, <\6ooo6gooo 



reversed. In t^e present instance Uiis extends the multiplying 
value of the bridge ratios so as to take in the values 1,000, 
100, 10, 1, .1, .01, and .001. 

As space is such a valuable consideration in these portable 
bridges, provision can seldom be made for seeming specially 
high insulatloa of the terminals and key contacts, the hard 
rubber cover on which all are mounted being supposed to give 
insulation enough. When measuring high resistances on damp 
days, however, particularly when a high E.M.F. from some 
outside set of batteries is being used, to give higher sensibility, 
the rubber must be very carefully cleansed and dried before 
making readings, as other\vi8e the leakage errors may become 
considerable. 
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Decade Pattern. 

Wheatfltone bridges, in which the ratio arras and rheostat 
values are altered by withdrawing or inserting a plug for each 
coil, are open to the objection that, small as is the resistance 
of each individual contact, the total may be comparatively 
high, particularly after the plugs become slightly tarnished, and 
the f uither objectJon that the continued withdrawal and insertion 
of a plug tends to loosen, not only the blocks between which it 
wedges, but the neighboring ones as well, tlius making it neces- 
sary to go over a whole row each time that a plug is moved, to 
make sure that the others have not been affected. There is 
also such a laige number of plugs that it becomes a very easy 
matter to mislay one or more of them when malting a test. 

It is possible to overcome these drawbacks to a considerable 




extent by using a " decade " type of bridge in which the rheostat 
arm resistances are arranged, as shown in Fig. 68. Here, as can 
be seen, a resistance is cut in by inserting instead of withdraw- 
ing a plug, and there is only one plug with its corresponding 
contact, to each unit, ten, hundred, or thousand numeral in the 
totah In addition to this, the decade arrangement is convenient 
because it is formed of groups of coils, in which each member of 
a group has a resistance which is the same as that of all the 
other members of the group, and if terminals are provided so 
that leads may be attached to tliese resistances, the various coils 
may be intercompared without its being necessary to. have re- 
coume to outeide standards. 
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The plan calls for a greater number of coils than tlie " Post- 
office " one, with a consequent higher numufacturing and selling 
cost In spite of this it is now rapidly superseding the old 
arrangement, as the greater rapidity of working and tlie higher 
accuracy of the results attained more than offset the difference. 

A portable pattern of the decade type of set is shown in Fig. 
69, Fig. 70 giving the wiring connections. 

In tiie latter the block marked " Galv." is so connected that 
when a plug is inserted between it and the block "Int" the gal- 
vanometer indicated in the figure is connected into the bridge 
network, and used in obtaining a balance in the regular way. 



When the plug is transferred to the gap between " Galv." and 
the other block, the gap at 6^ is substituted for the galvanometer 
in the set, and as the gap has binding-post terminals, an outride 
high sensibility galvanometer may be there attached, and used 
for more accurate work. The block marked " Loop" is arranged 
so that when a plug is inserted between it and the block "V&B," 
the connections of the set are such as to form a regular 
Wheatstone bridge, the unknown resistance to be measured 
being inserted at X When tlie plug is changed to its other 
position, the connections become those for making the " Murray 
Loop Test," for the location of faults, as described on page 
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Any number of the five calls contuaed in the box may be uti- 
lized by the aid of the couuector on the end of the flexible chord 
coming up through the rubber top bet^reen the ratio armB, or that 
connector may be left free, and an outside source of E.M.F. applied 
at B, whichever the user may desire. The keys BK g^nd QK, 
for the battery and galvanometer circuits respectively, are su- 
perimposed, BO Uiat when the upper one, BK, is depressed, first 
the battery and then the galvanometer circuits are completed, 
as is the desirable procedure in the general run of tests. The 
end of liie key, GK, is extended beyond that of BK, however, 
and provided with a separate button, so that if desired the 
galvanometer circuit may first be closed. As tJiis set measures 




but 10 inches by 6 inches by 6J inches, it evidently forms a 
convenient, portable device for covering a large range of 
measurements. 

Radial Arm Patterns. 

It is possible to dispense entirely with plugs in bridges, by 
using sliding contacts. In this case the decade system of coils is 
usually employed, the contacts being arranged in a circle over 
which sweeps the end of a contact brush. Such bridges are 
extremely convenient to manipulate, but very careful design and 
a higher grade of workmanship than for a plug bridge are neces- 
sary, as a brush sliding over a flat surface cannot cause the same 
intimate contact as a taper plug forced into a hole reamed to 
receive it between two heavy blocks, and variable contact re- 
sistances are fatal to accuracy. Crompton & Co. make " dial 
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switch " bridges, as Ihey call this type, with the contacts under 
plate glass, Bimilar to the scheme used by the same concern in 
their potentiometer shown in Fig, 56, page 80. The brushes 
are flat and rather light, and are turned by a hard rubber knob 
coming up through the glass. 

In the Wolff bridges, one of which is shown in Fig. 71, the 
contact blocks are massive pieces of brass, and the brushes that 
bear on them are formed of a series of lironze blades fastened to 
the radial arms that carry them at an angle of 45 degrees. In 
being moved from one position to another, such brushes automat- 



ically wipe the surfaces, and if these are kept slightly moistened 
with a refined light mineral oil, as directed, they will be found 
most durable and extremely satisfactory. Tests have been made 
on such bridges which showed a total resistance of all five sets 
of brush contacts in series of less than ,008 ohms. 

SLIDE-WIRE BRIDGES. 

As was demonstrated on page 95, it is not necessary that 
the actual values of the resistances of the coils A and B be 
known, in order to determine X in terms of (7, but only that 
their ratio be known. 
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If, therefore, we aelect a fixed value of O and vary the ratio 
oi Ato S, the resistaace of X caa be determined by aj^lioation 

of the formula X = ——. Devices for reBistance measurements 

in which this variable ratio arm and fixed rheostat arm plan are 
employed are generall ycalled "slide-wire bridges" and are con- 
structed as follows : 

In F^. 72 MN is a wire having as high a resistance per 
unit of length as is consistent with mechanical strength, and 
whose ends are secured to heavy braes or copper bars. A 
third bar, Q, is provided, gaps being left between its ends and 
the adjacent terminals just named, the said gaps being designed 
to be bridged by a standard resistance, 0, and the unknown re- 




sistance, X, to be measured respectively. Current is put 
through this network, from a battery whose terminals are 
attached as shown, and a galvanometer, (}, is likewise provided, 
inserted in a circuit stalling from the point, Q, and terminating 
in the sliding contact, S, which may be moved along the wire, 
MN. There is, further, a scale beneath MN, that is uniformly 
divided and serves to measure the distance between the contact 
and the points of attachment of the bridge wire. It will be 
observed that tlie arrangement of tlie various elements is exactly 
the same as that of the diagrammatic Wheatstone bridge shown 
in Fig. 64 and as like parts are similarly lettered, the relationship 

X = — j- holds good. In contradistinction to the orthodox 

Wheatstone bridge, however, in the slide-wire form, the rheo- 
stat arm, 0, is constant and the ratio of the A and S arms to 
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one anotJier is varied until a balance is obtained, this being 
accomplished by sliding S along MN. 

Fig. 72 is simply di^rammatic. In the commercial form of 
slide-wire bridge there are at least two other air gaps in and 
P that can be bridged over with copper straps when desired, and 
there is also a wire stretched parallel to the slide wire proper 
and connected to one terminal of the galvanometer, so that the 
sUdit^ contact, S, makes connection between the two, and the 
use of a loose wire between S and the galvanometer, G, is made 
unnecessary. A slide-wire bridge differing in tJiese particulais 
from the diagrammatic figure is shown in Fig. 73. 

Accurate results are seldom obtained from a single reading 
with the simple form of slide-wire bridge above mentioned, as 




not only do errors arise from the fact that the exact position of 
the contact on tiie wire may be erroneously indicated by the 
index attached to the sliding carriage, but the resistance of the 
straps, OP, and the terminal connections incident thereto, all of 
which, by hypothesis, are supposed to be negligible as compared 
with the bridge wire, JfiV, may actually be a considerable factor. 
The errors due to these causes may be eliminated by making 
two readings in determining the value of a certain resistance, 
first, by having the arrangement as shown in Fig. 72, and next, 
by interchanging the Cand X coils. Two different positions of 
the slide, S, on the wire MN, are found as a result, and from 
them the true value of X may be determined from the follow- 
ing : If a^ be the distance from Jf to iS at ^e first reading 
and a, that at the second reading, both of the values being 
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expressed in terms of tbe unita of lengtli into which the bridge 
wire is divided by reference to its accompanying scale, and if n 
be the total number of unite of bridge wire length, we have 

X _, w— a,+<i, 

»+a, — a. 
In this equation the resistance of the straps does not enter and 
the error due to observation of the position of the shder is also 



In the plain form of bridge the length of the bridge wire, 
MN, is used to cover the whole range of tesistance values from 
zero to infinity, namely, when SiatkiN, and B is therefore zero, 
the relationship 

^ SO , OC n 

X = —J— becomes —j- = 0, 

and when Sis&t M, A equals zero, whence 
^ BO BO 
^=^—¥' = '^ 

* That tfalB 1b eo U evident from tbe following derivation of the lormulft 
(see also Suwart and Gee Pbyaics). 

Let V •• error due to Cact tbat point of contact of slide on wire is not acon- 
ratelf shown by the position of the mark on the slider carriage 
relative to the flK«d scale. 
r, — resistance of straps, contacts, etc., from Jf to C. 
r, — resistance of strapB, contacts, etc., from NtoX. 
n,a, and a, having values aa before. 
Then with coils as in Fig. 73 

£ _ n - (o, + v> + r, and A-a, + v + r„ 

. ^ B n-g,-y + r, . 

■ ■ C A a, + i*+r, ^'' 

when ooiis X and C are tntarchanged. 

^ - a, + V + r, and B- n - (o, + y} -H r„ 



add nameraton and denominators of (1) and (2) when 



r, + r, can be stricken out of both numerator and deooniinator, as it Is a 
small quantity added to a relatively very large one In both eases, whereupon. 
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The maximum accuracy of reading is given when S is mid- 
way between JIf and K, that is to aay when A equals B. To 
increase the length of the bridge wire, MN, is not, as a rule, 
feasible, for if it be made in excess of one meter the apparatus 
becomes entirely too bulky and difficult both to read and 
manipulate. The same end, however, can be accomplished 
electrically by inserting, as is shown in Fig. 74, resistance coiU, 
f and J. These in effect give a bridge wire whose length, as 
compared with that of the slide wire alone, is the ratio between 
the resistance of that slide wire and of that same wire plus the 
coils f and Z For example, if the resistance of MN were 10 
ohms, and in order to obtain the maximum sensibility with the 




circuit being worked on, resistances were inserted at M and / 
each having a resistance of 495 ohms, we would have a total 
resistance in the ratio arm circuit of the bridge between the 
points of attachment of the battery terminals of 1,000 ohms; 
the resistance of MN is thus but j^ of the resistance of the 
ratio arms, and if &e scale beneath this wire be divided into 
1,000 parts, each unit step of the contact, S, on the bridge wire 
alters the ratio of iiie length of S to ^ by one one-hundredth 
part of a thousand, instead of one part in a thousand, as was the 
case before the resistances, ff and I, were inserted. It is largely 
to render possible the insertion of such resistances that the ordi- 
nary slide-wire bridge is built, as illustrated in Fig. 73, with gaps 
between N and X and and M, respectively. In Fig. 75 is 
illustrated a slide- wire bridge which lias not only gape for the in- 
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sertjon of the standard and uoknowa resistaoces and for the 
restetance coils for electrically leng^ening the elide wire, but 
also a mechanical arrangement by means of which the simple 
shifting of a block carrying bent copper wires reverses the con- 
nections of X and and so, as already explained, enables the 
errors due to failure to rexd the bridge wire contact position 
correctly, and those due to the resistance of the connecting 
straps to be eliminated. 

Ohmmetera, 
A commercial form of the slide-wire bridge is the so-called 
" ohmmeter " shown in Fig. 76. Here the slide wire itself is 
made up of two lengths, one of them starting at the upper post 
X and running to the massive square bar at the left, and the 
other running from the same bar back to the lower rightJiand 



binding-post. The square bar referred to is supposed to be of 
negligible resistance as compared with the wires, so that the latter 
may be considered as an electrically single piece which has been 
doubled back on itself merely for tiie purpose of getting it into 
a more convenient form. The source of current is a set of dry 
cells secured inside of the case, and at«lephoue receiver is used as 
a galvanometer, it having tlie advantages for that purpose men- 
tioned on page 63. - The battery circuit key is built into the 
telephone receiver, so that the same hand that holds the latter 
can manipulate the battery circuit. The stylus shown as lying 
on the top of the hard rubber bar that extends lengthwise of the 
set is connected in the receiver circuit, and serves both as the 
key for that cireuit when it is tapped on the wire and as an 
index for indicating the point on the scale where balance is o\y 
tained. There are four standard resistance coils, usually of 1, 
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10, 100, and 1,000 ohms value, any one of which may be used as 
the " C " arm of the bridge by inserting the single plug shown 
in an appropriate socket The socketa are labeled " brown, " 
" blue," " red," and " black," and there are four sets of numerals 
on the scale printed in these respective colors, the purpose being 
to make it difficult for even an unskilled observer to make any 
mistakes in results, as when the plug is in the hole labeled 
" brown," the brown numerals are to be read, when in the 
hole labeled "blue," the blue numerals, etc. There ia no 
necessity of making any computation when measuring resist- 
ance with tills bridge, as the scales, instead of being equally 



divided, are marked off directly in ohms. That this is possible 
is evident from the following: Using the notation of Fig. 77, 
which shows diagrammatically the connections of the ohmmeter, 
it is clear from the law of the Wheatstone bridge that 

Now A+S is the total length of the doubled-up wire, which 
in the actual instrument is 30", hence, 5 = 30" — ^. C, the 
standard coil, has a resistance of say 1 ohm. The formula 
then becomes, 

A 1 _ 30" - A 

30" - vl ~ X' *"" A ' 

or in other words, for each value of X, there is a single corre- 
eponding value of A, which may thus be marked on tJie scale. 
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If C be made 10 ohms, the y&lue of JTis evidently multiplied 
by ten also, tbat is to say, the values of the scale readings are 
multiplied by ten. The same, of course, applies to other Taluea 
of the C coiL 

THE VABLEY BRIDGE. 
It can be shown that in measuring high resistances with 
a Wheatstone bridge or with a slide-wire bridge it is de- 
sirable to have the resistance of the A and B bridge arms 
(see Fig. 64 ), or of the slide wire as a whole, high also. 
This is not feasible with the ordinary slide-wire bridge or the 
ohoimeter just described; for if, using suitable commercial 
alloys, a total resistance of about 15 ohms for the slide wire 




be exceeded, the diameter of the wire becomes too small 
to be strong mechanically, or to withstand the wear of the 
contact devices without introducing appreciable errors due to 
the destruction of the uniformity of the resistance of the wire 
throughout its length. The simple expedient of increasing the 
geometrical length of the wire cannot l>e far extended, because, 
as already explained, this makes the apparatus too bulky. It 
is, however, possible to lengthen the wire electrically without 
spreading it over a greater length, tliis being accomplished by 
forming it of a set of coils of wire of like resistance, all con- 
nected in series and each provided with terminal buttODB with 
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which the device corraapoading to the slide-wire cootact makes 
conaectioD. An arr&Dgement of this simple kind is shown in 
Fig. 78, in which if each of the 10 coils have a resistance of 
1,000 ohms we have the exact equivalent electrically of a slide 
wire having a resistance of 10,000 ohms, hut contact with it 
can be made only at ten equidistant points. Ten steps in the 
bridge-wire resistances evidently fail to provide means for 
making close adjustment; in fact, it should be possible to have 
1,000 steps to equal the plain slide-wire bridge, the position 
of whose contact can almost invariably be read to that fraction 
of its length. It is, of course, out of the question, on the score 
of price and bulk, to make the apparatus contain 1,000 coils 
each of 1,000 ohma resistance, but the same end may be accom- 
plished by using the electrical vernier described in connection 
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with the potentiometer on pf^ 82, which pdan for the poten- 
tiometer was copied from the bridge, as devised by Varley. 
The elementary Varley bridge is dit^rammatically shown in Fig. 
79, and consists of a series of 11 coils each of 1,000 ohms 
resistance, and of 10 coils each of 20 ohms resistance, con- 
nected in series, and with the terminals of the latter series held 
with a fixed distance between them by a carriage movable along 
the contact buttons attached to the 1,000 ohm coils. From the 
potentiometer description it can readily be seen that, using the 
two terminals attached to the 20 ohm coils and the galva- 
nometer terminal sliding on the contact buttons of the 20 ohm 
coils, the device is capable of inserting in the galvanometer 
circuit between the point M and the connection running to the 
galvanometer, resistances between zero and 10,000 ohms, in 
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steps of 10 ohms each, or la other words, by steps of one one- 
hundredth at a dnie. 

As at least 1,000 steps are needed for accurate work, the com- 
mercial form of Valley bridge, conmionly termed the " Thompson 
Varley elide," is built with 101 coils of 1,000 ohms each, and 100 
vernier coils of 20 ohms each. The coils are in separate boxes 
with the contact buttons arranged in circles, aa shown by the 
illustration of the device, Fig. 80, and the contact arms are 
pivoted in the center of these circles. Connections are made 
as in Fig. 81. Readings can be taken to one part in ten thou- 
sand, there being that many steps available, namely, one 




hundred variations on each of the one hundred positions of the 
double arm. 

The high resistance of the coils entering into the construc- 
tion of this Varley slide make the accuracy very high, but the 
number of the coils is, on the ofher hand, high also, and the 
resultant cost prohibits Us use in many cases. 

The electric vernier principle may be employed to make a 
cheaper slide with fewer coils but the same number of steps by 
simply extending it further, putting a slide on a slide. Each 
added group of ten slide coils multiplies the possible number of 
steps by ten, but on the other hand adds one more to the 
number of contact arms that must be adjusted to get the 
balance. 
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An instrument in which this slide on slide plan has been 
carried to an extreme is the Cushinan hridge, where there are 
five seta of coils, which, theoretically, would enahle the com- 
parison of two nearly equal resistances to an accuracy of .0002 
per cent In practise, however, such rehnement is as absurd 
as the array of figures after a decimal point that is often 
indulged in in figuring the horse-power of an engine', from 
indicator cards, as the errors due to slight differences in coil 
resistances, to the contacts, to temperature, etc., amount to 
many times this percentile. 

VOLT AND AMMETER METHODS. 

From Ohm's law it ia clear that if the current passing tlirough 

a lesistance be measured and the difference of potential between 



the terminals of the resistance simultaneously noted, the value 
of the resistance can at once be figured, by dividing the value 
of the latter observation by the former. This method of resist- 
ance meusurement is one of somewhat limited appUcation as 
regards the range of resistance that it can cover; for, where the 
resistance is high, the current through it must usuaUj be kept 
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of a very low amperage in order to avoid heating errors or actual 
burning out, and instruments for the measurement of very low 
amperage, having hut limited application, are but seldopi on 
hand ; if, on the other hand, the resistance be low, the current 
required to cause a closely measurable drop becomes corre- 
spondingly high, and it ia not always convenient to procure a 
source of such heavy current, or an instrument for measuring it 
It should be noted that tmless the potential-measuring instru- 
ment is one that consumes no current, namely, is of practically 
infinite resistance, as in the case of the electrostatic device, 
errors are introduced. Referring to Fig. 82, if Ifbethe resist- 
ance, A the current measuring instrument, V the potential 
measuring instrument, and B the source of current ; while the 
meter, V, indicates the true potential difference at the terminals 




of TT, if it be in calibration ; A gives, not the cun-ent through 
IT alone, but through the circuit formed by W as shunted by 
the resistance of the instrument, V. If the only otiier possible 
scheme of connection be used, as shown in Fig. 88, the state of 
affairs is reversed, for while A now shows only the current 
flowing through W, V indicates the drop due to the flow of 
that current, not only through that resistance, but also that of 
tbe instrument A. 

That these errors are by no means inconsiderable will be evi- 
dent from the following examples : Take first the connections 
shown in Fig. 82. Let the range of the voltmeter, ?^ be 1 volt 
and its resistance 100 ohms, the range of the ammeter A be 1 
ampere and its resistance .05 ohms, and the true value of the 
resistance IT be 1 ohm. 
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Adjust the current from t^e batteiy S bj a rheostat, or other 
convenient means, until the ammeter shows exactly 1 ampere. 
The voltmeter V will then show, not 1 volt, ae would be 
necessary in order that the solution of Ohm's equation should 
give a value of TT^ of 1 ohm, but .99 volt, because the reaist- 
ance of the circuit formed by the resistance TT shunted by the 

voltmeter is, from the law of divided circuits, :. n^— -^ = -99 

ohms (nearly) and the drop in potential across the terminals with 
one ampere flowing would be .99 volts. Neglect to take into 
consideration the finite value of the resistance of the voltmeter 
would tiierefore cause an error of 1 per cent in the calcu- 
lated result Take now the connections, as in Fig. 88, the other 
conditions remaining as before. The voltmeter V would now 
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show 1.05 volts, as this is the drop across the terminals of a 
circuit of 1.05 ohms resistance with 1 ampere flowing, and the 
calculated value of T^ would hence be 1.05 ohms instead of its 
true value of 1 ohm, which ia an error of 5 per cent. It 
will thus be seen that, unless the measurements are to be of tlie 
roughest, due allowance must always be made for the resistance 
of tiie instruments. 

Measurement op Low Resistances. 

The Wheatatone and slide-wire bridges are not suitable lor 
measuring low resistances, that is to say, those having a value 
of .1 ohm or under, as the resistance Uiat these devices measure 
is the total resistance between the junction of tlie B and C arms 
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(see fHg. 64) with X, and include, not only X iteeU, but the 
leads used to make connection between X and the bridge, and 
of all of the contacte in that circuit. The resistance of the 
leads is nearly constant, but their value may be so large, as com- 
pared with that of the Tesistance nnder test, that a very small 
error in the measurement of the total would be an exceedingly 
large' percentage of tlie value of the unknown resistance, and 
hence the test entirely unsatisfactory. 

The resistances of the contacts are not even constant, as these 
depend on the pressure between them, the condition of the sur- 
faces, and their area. They may easily vary some thousandths 
of an ohm in value, even under favorable circumstances, and 
with a value of ? as high as .1 ohm, each thooaandth would rep- 
resent 1 per cent. 

It is evident, therefore, that for the measurement of low re8ist> 
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ances methods should be employed in which the resistance of 
the leads and contacts does not enter into the results. 

KIBCHHOPF BBIDOE. 

The earliest device of this type seems to have been the 
Kirchhoff bridge, w device that was probably due to Heaviside, 
who described it in the early seventies. The instrument used 
in this method is a differential galvanometer ("Galv.," Fig. 84) 
and the low resistance X to be measured is connected in series 
with the standard resistance, S, the current flowing through 
both being taken from a source, £, capable of supplying con- 
siderable current The resistance of the standard, S, between 
two points, A and 0, must be acountely known, and the bar of 
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metal formiog it must be divided between these points into as 
many equal resiatance steps (often one hundred) as possible, bj 
appropriate markings. Contacts M and N make contact with 
the standard bar S, and the similar contacts P and Q make 
connection at the ends of the unknown bar. 

The electrical connections are so made by the contacts that 
the current through the coil of the differential galvanometer due 
to the difference of potential between the points M and N 
tends to cause a deSection. opposite to that which would be 
given by the current through the other coil, due to the differ- 
ence of potential between Q and P. N, Q, and P being fixed, 
M is moved along >S' until the galvanometer shows no deflec- 
tion. The resistance of the bar, X, between the points Q and 




P is then, from Ohm's law, the resistance of that part of the 
bar, S, included between Maad JV, for the same current flows 
through both, as they are connected in series, and the drops in 
potential are alike, as the galvanometer shows no deflection. 
The resistance of the battery leads, of the wire joining the two 
resistances and at the points of contact of these with the bars, 
do not enter, as they are not in tlie measuring circuit and merely 
affect the current strength. The resistance between the con- 
tacts, M, iV, Q, and P, and their resistance bars, do not enter 
either, as they are negligible in comparison with the high resist- 
ance of the galvanometer. 

As the accuracy of results obtained by this method depends 
on having a galvanometer that is truly differential, the instru- 
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meat should be tested for that quality before use. To do so, 
connect the two coils Id series, but in opposition, and pass a veiy 
weak current through them, whereupon there should be no deflec* 
tion. The coils should then be coupled in opposition but in 
parallel, and currentagain applied ; if there is still no deflection, 
the coil resistances are alike. The latter test is the one actually 
determining the fitness of the apparatus for use in making this 
test, as while if it shows no deflection the instrument may still 
not be truly differential, any error due to that cause is offset 
by a difference in coil resistances. 

The galvanometer should also be tested to see that its two 




coils are insulated from one another so that no current can flow 
between them. 

MEASUREMENTS WITH AN AMMETER. 

Low resistances of nearly tiie same value can be measured 
with the aid of commercial ammeters of the type in which the 
shunts are separate from the instruments themselves, provided 
that the resistance of their shunts is known. For instance, 
referring to Fig. 85, A represents the ammeter, S its shunt, X 
ihe unknown resistance, and B the source of current. The 
same current flows through S and X, as they are connected in 
series ; and if the ammeter A be one in which the angular deflec- 
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tioD3 of the needle are proportional to the current stien^tiis, or 
even If this be not so and the scale be divided bo as to indicate 
current strength, X may be found in tenns of S, from the fact 
that, as will be evident on consideratioii, the drop across iS'is 
to the drop across X as the resiBtance of tS* is to the resistance 
of X. For instance, if the current through S gives a deflection 
tA ten scale divisions on the instrument, A, and that across X, 
when the terminals of the instrument are shifted to take up the 
position shown by the dotted lines be twenty scale divi- 
sions, then X is twenty tenths, or two times S. A few 
manufacturers make the drop of all of their shunts uni- 
form, for instance, 50 millivolts wbea worked at maximum 
load. From this data the resistaace of the shunt between 
the points at which ilie connection to the instrument is 
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made is easily figured; that of a 100 amperes hunt on 
the 50 millivolt basis being .005 ohms, and that of a 1,000 
ampere shunt .0005 ohms, etc. If in this example the current 
strength supplied by £ be such that the instrument. A, gives 
a reading of ten scale divisions when its terminals ai6 at- 
tached to a shunt of 100 amperes capacity, S, a resistance, X, 
in series with S, the drop across which causes one scale divi- 
sion deflection, will have a value of .0005 ohms, or generally, if 
the resistance, X, give N scale divisions deflection, it has a value 
of .0005 iVohniB. The resistance of A is usually sufliciently 
high so that the resistance of the contacts between it« leads 
and the S and X resistances is negligible, and such work as 
measuring the resistance of armature coils can therefore be 
rapidly and accurately conducted with inexpensive apparatus. 
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THB THOMSON DOUBLE BBIDGB, 

The Kirchhoff bridge necessitates the use of a diffeiantial 
galvanometer, and this instrument is not often available. Lord 
Kelvin devised a modification of this bridge, which renders it 
possible to use an ordinary galvanometer, the connectiona being 
as shown in Fig. 86. The leads from the standard and un- 
known resistances are, as is seen from the figure, connected, so 
diat theE.M.F.'s at their terminaUare opposed, and when these 
are equal the galvanometer of course gives no deflection. The 
standard bar S is divided up, so that fractions of its length, and 
hence resistance, may be read oR, as in the Kirchhoff bridge; 
and when the sliding contact, C, which is adjustable along its 
length, reaches the point where the galvanometer gives no de- 
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flection, tiie resistance between the fixed terminal and the 
movable one is evidently that between the terminals, T and I*, 
of the resistance to be measured. In the actual Kelvin, or as 
it is still more generally known, the Thomson double bridge, 
there are inserted in the leads between the galvanometer and 
the standard and unknown resistances, resistance boxes, the 
value of whose resistance may be varied by withdrawing the 
plugs, as is shown in Fig. 87. If the resistance of P be made 
equal to R, and that of A to C, the resistance of the unknown 
bar, X, is read off directly from Ibe standard bar, aa above ouf>- 
lined. If, however, liie ratio of B to i* be made, for instance, 
ten, and that of (7 to J. ten, the resistance of X is ten times 
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that of S, and vice verta when the rados are interchanged, just 
as in the case of the ratio arm coils in tlie Wheatstone bridge. 

A commercial form of the Thomson double bridge suitable 
for measuring resistances ranging from 1 ohm down to .000001 
ohm (1 micro-ohm), and termed a " micro-ohmmeter," is illus- 
trated in ¥ig. 88, the connections being as shown in Fig. 89. 
In this instrument the standard resistance is a calibrated plati- 
num silver alloy bar having a resistance of .01 ohm between 
the points designated by zero and 100 on the scale placed 
parallel to it. Wit^ the aid of suitable terminals, the unknown 
resistance is placed in aeries with this and a battery, and a 
movable contact, M, is slid along the standard until the galva- 



nometer, which is built into and forms part of the apparatus, no 
longer shows a deflection. If the resistances of the mtio arm 
coila then have a ratio of unity, the resistance of the unknown 
bar is read off directly. Varying ratios of the resistance of the 
ratio arm coils are obtained by sliding the carriage C along its 
guides, in this way giving the apparatus a range of from one 
hundred times that of the maximum resistance of the standard 
bar, that is to say 1 ohm, to one one-hundredth of the mini- 
mum resistance readable on the standard bar, that is to say 1 
microohra. The numerals 2, 3, 4, 5, and 6, that are displayed 
through the opening in the carriage C when resting on diEFerenfc 
contacts, show the number of decimal points to be stepped off in 



■do/ Google 



THE MEASUREMENT OF RESISTANCE. 



121 



noting down the readings. If, for instance, the galvanometer be 
brought to a position of zero deflection when the movable con- 
tact, M, stands at tlie scale division numbered 44, the resistance 
oi X is -44 ohms, if the numeral 2, indicating two decimal 
places to be stepped off, be visible through the opening in C. 
If the numeral 5 were visible through tlie said opening at the 
time, five decimal points would have to be stepped off, and the 
resistance of X would be .00044 ohm. A strap, (?, connecting 
two binding posts at the top of the instrument, is provided, and 
when it ie removed a sensitive reflecting galvanometer may be 
inserted when it is desired to make determinations of a high 
degree of accuracy. 

As in all Thomson double bridge measurements, this appara- 
tus gives results that are independent of the resistance of the 
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leads ranning from the unknown bar to. the instrument and of 
the contacts between it and the lead terminals, for these are neg- 
ligible in comparison with the resistance of the galvanometer 
and the ratio arm coils. As the method is a zero one, in which 
determinations are made when no current ie flowing tlirough 
the galvanometer, it is independent of variation in the sensibil- 
ity of this also. The complete apparatus is inclosed in a small, 
light carrying-case, and the storage battery that is sometimes 
supplied with the equipment is likewise compact and light, so 
that we have a truly portable device for the measurement of 
very low resistances. The method of operation is so simple 
that reliable results may be obtained when placed in the hands 
of an unskilled workman. 
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THE OABBY-FOBTBR MBTHOD. 

The slide-wire bridge may be used to determine witli a high 
degree of accuracy the difference in resiBtance between two coils 
of nearly equal value. To acconiplieh this a balance ia first 
obtained witli the standard and unknown coils connected in the 
Inidge circuit, as shown at iS' and X, Fig. 90, respectively, and 
then the second determination is made with S and X interchanged. 
The bridge wire reading in the latter case will be different from 
that in the former, and the resistance of the bridge wire in- 
cluded between the points where contact was made when the 
balances were attained is the difference in resistance between S 
and X. This, of course, makes it necessary that the resistance 
per unit of length of the bridge wire be known, and this is some- 
thing tiiat can be determined in several ways. If, for instance, 
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we have two coils, whose resistances differ by a known amount, 
the resistance per unit length of slide wire can be obtdned 
directiy from the above' relationship, the unknown value then 
being that of the bridge wire, whereas the S and X in the 
formula are known. Anotiier method is similar to that used in 
determining the uniformity of the drop along a potentiometer 
wire, as mentioned on p. 76. Even if we have but a single 
standard resistance, having a value of say 1 ohm, we can make 
up an exact duplicate of it of any resistance wire, and then 
shunt one of the two by a known resistance of considerably 
higher value, say 100 ohms. The ratio of the shunted resistance 

to the unshunted standard one is now-Yjwj t- = .9901 to one, 

which gives us a means of calibrating the bridge wire in steps 
of .0099 ohm each. 
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As the bridge wire may be made of a large diameter to 
advantage, a long length representa only a small resistance, so 
tliat two resiatances of nearly equal value may be. compared very 
accurately. This method is so delicate that it becomes probably 
the most valuable one for use in determining the temperature co- 
efficient of metals, the one portion of the specimen being main- 
tained at a uniform normal value by immersion in an oil bath, and 
that of the section from which the temperature coefficient la to 
be determined immersed in a similar bath whose temperature can 
be varied as desired. If the two sections be first adjusted to have 




the same resistance at the same temperature, and one be then 
raised to some new temperature, the resistance of the wire 
between the balancing points on the bridge wire is the increase 
in resistance due to that temperature change. By making a 
series of determinations in this way, the curve showing Uie 
relation between the temperature and resistance of any given 
specimen of conductor may be drawn. 

Since, in order that the temperature may be properly controlled 
and accurately measured, it is necessary that each specimen be 
immersed in a bath of oil, which is constantly stirred, it is 
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adTsntageous to provide some means of interchanging the coils 
electrically instead of mecbanically, in order to avoid moving 
them about by band. The regular alide-wire bridge can be 
made to answer these requirements if the connections thereon 
be arranged as shown in Fig. 91, the double circles in this 
figure indicating mercury cups. The apparatus for electrically 
interchanging the position of the coils consists of a pair of hai'd 
rubber squares drilled near the corners to receive U-shaped 
pieces of heavy copper wire carefully amalgamated at their 
ends and supported only loosely by the framework, so that 
their weight acting downward makes a good contact between 
their lower faces and the bottom of the mercury cups in the 
bridge. When this apparatus is placed so that the copper con- 



Pio. sa. 
nectors ad, be, ik, a.nd.Jl have the positions shown in the figure, 
the connection of the standard coil is in the gap in the bridge 
opposite to that which it occupies when the blocks have been 
lifted and rotated 90 degrees about a vertical axis. 

For slide-wire bridges not supplied with connections and 
terminals for the use of the reversingcommutator just described, 
a separate commutator is often used, one of these being shown 
in Fig. 92. 

A compact Carey-Foster bridge and commutator combined is 
shown in Fig. 93, the plan view being given above the perspec- 
tive one. The bridge wire is very short in this piece of 
apparatus, and protected from radiation by a hard rubber strip, so 



■do/Goo^Ic 



THE MEASUHEMENT OP RESISTANCE. 125 

that there is little probability of error due to thermal E.M,F'b. 
By meanB of shunts, one of which is shown detached and placed 
alongside of the apparatus, the value of the bridge wire may be 
varied as desired. The commutating device is double, and when 
manipulated by raising and turning the upper knurled hard rub- 
ber button exchanges the resistance coils and battery connections 
simultaneously ; whereas when the lower button alone is raised 
and given a quarter of a revolution, the battery connections 
alone are reversed. 

OONDCCTIVITT BBIDGE3. 
For the rapid commercial measurement and comparison of low 
resistances, such as the measurement of the conductivity of 



samples of large copper wires, a modified form of Carey-Foster 
bridge, known as the conductivity bridge, is often employed. 
The diagram of the connections in this device is given in Fig. 
94, a perspective view of the complete apparatus being given in 
Fig. 95. 

The method of operation is as follows : In the figure C C ia 
the bar under test, the same being secured in place by the heavy 
clamps shown; A and A' are ratio coils of equal value, usually 
wound together so that they will always be at the same tempera- 
ture ; and S^ and S^ are two resistances made of material having 
the same temperature coefficient as the specimen under test ; R 



■do/GoogIc 



126 ELECTRIC AifD Magnetic measurements. 

18 a separate resistance that may be used to shunt either S^ or S^ 
thereby ohanging the resistance of either by a known amount 

In taking a reading, the coil R is placed as shown in the 
figure, and the sliding contact G is moved along the tost bar 
until the galvanometer shows no deflection. 

R is then changed over to shunt S^, and a new point on the 
bar at which O- rests without causing a galvanometer deflection 
is found. The resistance of the length of the bar measured 
between the two balanco points is, as is evident from the 
description of the Carey-Foster method, the difference between 
the resistance of either of the like coils S^ or S^ alone, and when 
the same is shunted by R. Means are [oovided so that R may 




be shifted from one position to another without opening tlie 
protective casing. 

THB MATTH1E88BN AND HCtCKIN BBIDGB. 

The Matthieasen and Hockin method of measuring low resist- 
ances consbts in connecting up a standard low resistance, the 
unknown one, a straight resistance wire whose resistance per 
unit of length has been determined, and the source of current, 
all aa shown in Fig. 96. A galvanometer has its torminals 
attached to separate contacte; the upper one of which can 
be used to make contact between the extremities of the 
standard bar, iS^, and the unknown resistance, X; the lower one 
being movable along the stretehed wire, which latter is often 
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the wire of an oidinoi; slide-wire bridge. The upper galvanom- 
eter terminal being placed at the left-hand extremity of the 
bar, S, the lower one oau be moved along the slide wire until a 
point is reached where the galvanometer no longer shows deflec- 
tion. The potential at this point, A, is then the same as the 
potential at the end of the standard bar. The upper terminal 
is then moved to the other end of the standard hax, and the 
lower one slid along the shde wire until the galvanometer again 
shows no current. This second balance point is lettered B in 
the figure. In a similar way, the points C and D are found 
on the slide'wire at which the potentials are the same as the 
potentials at the ends of the unknown resistance. The value 
of X may then be calculated directly from the relation, 

S_ AB 

X ^ C-D- 

RAIIi BOND RBSISTANCBS. 

In the ordinary electric trolley system, the current led to the 

car through the oveihead trolley wire is returned, after passing 




through the motors, by the tracks, which have tish-plates to 
form the mechanical uiuon between rail ends and "bonds" 
consisting of more or less flexible electrical conductors secured 
to each rail end to make the electrical union. As the number 
of rail joints is large in even a small system, it is important 
that the bonds bridging them shall make good contact, as other- 
wise there will be a considerable useless expenditure of elec- 
trical energy in forcing the current through. It is seldom 
possible to inspect the bonds visually in order to determine 
whether or not they are still firmly attached to the rail ends, 
and, even if it were, a rigid mechanical connection is not neces- 
sarily a good electrical one. 

It is, as a rule, impossible to measure the resistances of a bond 
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by paasing a known current through it and obseiring the drop 
across it, as cars that are is operation cause a constantly vaiy- 
ing, and, of course, unknown, current to flow. Practical devices 
for the measurement of bond resistances utilize the varying 
current normally flowing through the rul and bond, and take 
advantage of the fact that, however the current and ttie con- 
sequent drops across the resistance offered by the bond and 
that offered by a standard length of rail vary, the ratio of these 
drops to one another remains constant. 

In the Conant bond tester, the drops are taken by means of 
three ohisel-ended pikes which are struck into the r^ faces by 
the operator and his assistant. The drop of potential across the 
bond between one [uke and the center one is compared with the 
drop over a length of solid rail measured between the center 




pike and the remaining one by means o£ a device suspended from 
the observer's shoulders. The instrument consists of a box con- 
' taining clockwork-driven interrupter which periodically makes 
and breaks the circuits. The latter are connected in opposition 
electrically, and hence, if the resistance of the bond and of the 
length of solid rail included between the contact points are 
alike, no current will flow, and the telephone receiver that the 
observer has at his ear will emit no sound. If the receiver does 
" click," the assistant moves his chisel along until sile^ice 
ensues, whereupon the bond resistance is known to be the 
same as that of the length of rail between his contact and the 
center one. 

Two other forms of bond testers are shown in Figs. 98 and 
99 respectively. 

In the first, three contact points are carried by a bar of 
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springy, Don-conductiDg material so airanged that they scrape 
a bright surface for themselves when being placed in position. 
The center contact is independently spring-supported, so as to 
insure contact of all three points even if the rails should be 
worn and the surfaces not in the same plane. The drops due 
to the passage of the regular line current through the standard 
length of rail B and the bond B A respectdvely, are indi- 
cated by a pair of millivoltmetetB that are electrically connected 
to the pointe of contact by suitable leads. The two millivolt- 
metetB are built on one base for convenience in transportation 
and in making observations ; and the one that is used to measure 
the drop across the bond terminals is made with two ranges ; 
one high one, normally in circuit, sjid intended to prevent the 




instrument from burning out should the bond be broken and 
the E.M.F. across it consequently very high, the other for ob- 
taining an accurate reading of the drop after the first reading 
shows it to be within the capacity of the more sensitive scale. 
The change from the low sensibility to the high one is 
effected by depressing a spring-controlled button conveniently 
located at the side of the instrument. The millivoltmeter 
for taking the drop on the standard length of rail is a 
plain single-scale instrument. After taking a reading, the 
resistance of the bond may be figured, if desired, from the 
obvious fact that the resistance of the bond is to the resistance 
of the standard length of rail as the drop across the bond is to the 
drop across the standard length of rail. The double millivolt- 
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meter is usually used mounted on a tripod for the sake of 
having a steady foundation, hut it may be used suspended from 
the observer's neck, if desired. This form of bond tester is 
convenient in tliat it may also be used as a direct current 
ammeter if a suitable shunt be supplied for use with the milli- 
volt scale, and as a direct current voltmeter if a suitable multi- 
plier be supplied for use with the volt scale. It is also con- 
venient for making the so-called " bar to bar " test on armatures, 
in which case one of the two millivoltmeter movements may 



Fio.99. 

he used to show the drop across the individual commutator 
segments ; the other, being used to make sure that the test cur- 
rent strength remains constant, by connecting it in shunt to the 
wire through which that current is passing. 

The second form of bond tester is a direct reading instru- 
ment, showing directly on a scale the resistance of the bond 
under test in terms of the number of feet of rail length having 
an equivalent resistance, but it cannot be used as a voltmeter or 
ammeter. An illustration of the instrument itself is given in 
Fig. 99 ; the instrument in use is shown in Fig. 100, Contact 
with the rail is made with a contact bar like that used with the 
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apparatus described above, the contact pieces themselves being 
short sections of hack saw blades, which have hard, sharp points, 
and are easily and cheaply renewed vrhen dulled. 

The bar has an upright at its center, so that the observer may 
manipulate it conveniently. 
The bond tester proper is a 
modified bridge which uses the 
standard rail length as the 
standard resistance, the bond as 
the unknown resistance, and the 
current normally flowing in the 
rail as the source of current. 
In the instrument casing are the 
ratio arms and the galvanometer 
for showing balance. A con- 
venient feature of this form of 
bond tester is that the observer 
may select any rail length that 
be pleases, as that which a bond 
must not exceed if it is to be 
passed as "good,"and,by simply 
setting the laige needle to that 
length on the scale, observe the 
instant that the contact bar is 
put on the rail whether the "'*' ™' 

bond is of higher or lower resistance, and hence to be con- 
demned or to be passed. 

The galvanometer in these instruments, while sufficiently 
sensitive to enable the bond resistance to be read within a few 
inches of rail length even if but a single car is in operation, is 
robust enough to stand the potential due to a drop of over two 
volts across the bond without injury. 

HIGH KESISTANCES. 
IHrect Deflection Method. 
One of the most common methods of measuring a high resist- 
ance is to use a sensitive reflecting galvanometer and a source 
of high E.M.F., the latter being usually furnished by a set of 
100 or more small batteries, mounted in a carrying case. The 
galvanometer should be provided with a shunt, to vary its sen- 
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sibility ; and a standard high resistAnce, UBually of 100,000 ohms 
value, should also be available. The method of procedure is, 
first, to ascertain the sensibility of the galvanometer by placing 
the 100,000 ohms resistance in series with it, shunting tlie gal- 
vanometer with the highest ratio shunt, and then applying the 
battery. If, with & shunt decreasing the sensibility of the gal- 
vanometer to one ten-thousaudth of the full sensibility and 100 
cells of battery, the standard 100,000 ohms resistance placed in 
series with the galvanometer results in a galvanometer deflec- 
tion of forty scale divisions, the deflection through one me^ 
ohm with the same shunt ratio and the same battery would 
evidently be four scale divisions, and with the same battery, but 
a unity ratio shunt, 40,000 scale divisions, if such were within 
the capacity of the apparatus. If, now, the galvanometer be of 
a type in-which- the deflections are in direct proportion to the 
current flowing through the instrument, we have an equipment 
in which the existing battery would give 40,000 scale divisions 
deflection through one megohm in series with the galvanometer, 
and conversely one scale division deflection with 40,000 meg^ 
ohms in series with the galvanometer. If, therefore, the un- 
known resistance be inserted in the battery circuit, its value 
may be calculated directly from the deflection which the gal- 
vanometer shows. 

If the order of the re^stance to be measured be entirely un- 
known, it is advisable to use a high ratio shunt in connection 
with the galvanometer when making the initial readings, and 
subsequently to decrease the ratio until a pointis reached where 
good readable deflections are had. It is better to use a shunt 
for the galvanometer than to attempt to accomplish the same 
end by decrea.ting the E.M.F. applied, because the insulators 
used to support the terminals of the unknown resistance per- 
mit of a minute but still appreciable flow of current, and the 
resistances offered by them to that flow are higher when the 
material is under the small stress caused by a low E.M.F. than 
vhen under the more usual working Gonditionof a high E.M.F. 
It is particularly unsafe to assume that because, say, ten cells 
give a certain deflection through a given resistance, twenty will 
give twice that deflection, as the small batteries used in high re- 
sistance testing work are notoriously unreliable, and it is not 
often that any two of them will give the same potential after 
they have been out of the maker's hands for any length of time. 
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QUAHD WIRES. 

In a great many cases the reaiBtancfl to be meaeured is that 
offered by tbe protective coatii^ of a wire, and it is then usual 
to immerse the coil of wire in a metal-lined tank which can be 
filled with water, the coil terminals being left projecting above 
the surface. The resistance of the insulating coating on the 
wire is so high compared with ihat of the path through the 
large volume of water present, that the latter is negligible, and 
the resistance measured between the wire and the tank lining 
may be taken as the resistance of the insulation. 

The insulation resistance is often of so high a value that the 




leakage path offered to the current over the surface of the in- 
sulating material from the point where the wire emerges from 
the surface -of the water in the tank, shunts an appreciable 
fraction of the current and would, hence, introduce errors 
unless allowed for or prevented. To allow for it is extremely 
difficult, as its value varies constantly with atmospheric 
and other conditions. It may be largely prevented by clean- 
ing and drying the exposed ends with alcohol, but is elim- 
inated much more satisfactorily by using a " guard wire," 
as illustrated in Fig. 101, The guard wire is simply a few 
turns of fine copper wire wound over the surface of the insular 
ting material near the point where this is cut away to allow the 
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attachment of the main test wires. The wire connection is led 
past the galvanometer and direct to the batteries, so that an; 
leakage current flowing over the surface of the wire insulalaon 
will be carried around the galvanometer and back to tiie batteiy 
again without affecting the galvanometer indications. 

GALVANOHBTBB AND VOLTHBTEB HXTHOD. 

When the source of E.M.F. that is available for making the 
resistance measurements is of uncertain and flootuatdng value, 
a galvanometer can still be used to determine the value of the 
resistance, but the services of a commercial voltmeter must then 
be called into iec[uisition also. 

I^^. 102 shows the connections. The voltmeter is attached 
so that it indicates the potential between the terminals applied 
to the unknown resistance, and the galvanometer is con- 



nected in series with the latter in the usual way. The 
calibration of the galvanometer, namely, the number of amperes 
that must flow through it in order to produce one scale division 
deflection, must be known, as must likewise the resistance of 
ihe galvanometer. 

The galvanometer is used as an ammeter to measure the 
strength of the current which flows through the insulation, and 
the value of the resistance is calculated from Ohm's law; it 
being remembered, however, that the voltage indicated by the 
voltmeter is that existing between the terminals of the unknown 
resistance and the galvanometer connected in series with one 
another, and not that of the unknown resistance alone, so the 
result of the simple application of Ohm's law gives a resistance 
value equal to the sum of the unknown resistance and that of 
the galvanometer. To obtain final results, therefore, it is 
neccBsary to subtract the galvanometer resistance from the value 
derived as above. It is not feasible to change the voltmeter 
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ConnectioiiH so tiiat the volta^ across the unknown resistance 
alone is indicated, as the galvanometer would then show the 
current flowing through the circuit composed of the unknown 
resistance and that of the voltmeter connected in parallel, and 
the latter is so" low in compariHon to the former, Uiat an error 
of a small fraction of a per cent in measuring the total current 
flowing would make an error of many per cent, when the cur- 
rent flowing through X is computed by subtracting the known 
voltmeter current from the indicated total value. 

XJEAKAGB Method. 

The resistance of the covering of an insulated wire maj be 
measured by comparing the chai^ that it will give off immedi- 
ately after being disconnected from a source of charging E.M.F., 
and the charge that remains after it has been disconnected 
fi-om tliat source for a known period, the theory being Ihat the 
difference has leaked through the covering at a rate' that, of 
course, varies with the elapsed time. The preferred pro- 
cedure in making a test according to this method is to immerse 
the coil of wire in a tank of water, one end being first carefully 
sealed, thus forming a condenser in which the inner coating is 
the conductor, the outer coating is the water, and Uie in- 
sulating coverii^ the dielec^c. 

This condenser is firat charged by applying a source of con- 
staat E.M.F., and is then allowed to stand for a measured 
number of seconds, say thirty. It is then discharged through 
a ballistic galvanometer and the throw, i>,, noted. The operation 
is then repeated with the same charging circuit, the. period 
during which leakage through the insulation is allowed to take 
place after discoanecting the chaiging source being, however, 
made, say sixty seconds. Let the second deflection be Z>,. If 
the two observed deflections were not too great, the resistance 
in megohms of the insulating coating is 



C X log,„ ^' X 2.303 

The foregoing method must be used with discretion, because 
if the wire insulation is of a material with high electric absorb- 
tive or " soakage " qualities, the results will be misleading. 
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DROP OF POTENTIAL METHOD. 

If the standard lesistance S and the unknown one X be con- 
nected together in series and current passed through them from 
a battery, B, as in Fig. 103, a reflecting electrometer, or electro- 
static voltmeter, ma; be used to detennine X in terms oi Shy 
connectiog it first to the terminals of >S^, and then to those of X ; 
whereupon the result is at once obtained in a manner anal(^ouB 
to that mentioned on page 117. No correction need be made 
in this instance for the resistance of the device that indicates 
the potential, as this is infimtelj high as compared with the 
resistance of the objects under measurement. 

A Thompson or D'Arsonval ballistic galvanometer can be 
used in place of the electrostatdc instrument by chaining a 
condenser first from the drop across S, discharging it tiirough 
tiie galvanometer and noting the throw, and then by repeating 
tiie operation with X, in which case the throws are in the ratio 
of the resistances. 

EVEBSHBD OHMHETEB. 

This is an instrument for measuring moderately high resist- 
ances, which shows directly from the position of a needle swing- 






tl 
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ing over a calibrated scale the Talue in ohms of Hia resistance 
under measurement. It consists of two coils arranged with 
their axes at right angles to each other, one of which coils is 
connected in scries with the source of current and the resistance 
to be measured, and the other, like a voltmeter, across the line 
from which current is supplied. At the point of intersection of 
the coil axes there is suspended, ao as to be freely movable, a 
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short magnetized steel needle. If the resistance be infinitely 
high, no current will flow through the series coil of the inetru* 
ineut; the needle will be influenced by the potential coil only 
and assume a position at right angles to its axis. If, on the 
other hand, the resistance be zero, and the current obtained from 
a source whose internal resistance is fairly high, current will 
flow through the series coil only, there will be practically no 
difference of potential between the points of attachment of the 
potential coil, and therefore the needle will assume a position 
parallel to the axis of the series coil. With finite resistances 
the needle is evidently influenced by the joint action of the 
fields of the two coils, tending to swing toward the infinity 




Ellin 

V 



mark when the current is low and the potential high and vim 
versa. 

In the actual apparatus the source of current is a small hand- 
driven dynamo having permanent magnet fields, namely, a mag- 
neto which when driven at a reasonably constant speed sup. 
plies rectified alternating current at potentials of from 100 volts, 
in the case of instruments designed to measure resistances up to 
about 5 megohms to 500 volts for meters measuring up to 
500 megohms. Tlieoretically, the calibration of this obmmeter 
can be calculated from the geometrical dimensions of the appa- 
ratus, tlie number of turns of wire, etc., but practically it is 
better to graduate the scales empirically by comparison with 
resistances of known value. A diagram of the connections of 
the instrument is shown in Fig. 104. 

In the early form of this ohmmeter, the moving needle was 
of steel magnetized as above mentioned, but ttiis was open to the 
objection that the needle was readily influenced l^ comparatively 



■do/Google 



138 ELECTRIC AND MAGNETIC MEASUREMENTS. 

feeble stray magaetic fields, even those of the hand generator 
which supplied the current In the more modem form of appa- 
ratus a soft iron needle ia employed, which, while resulting in a 
shorter scale because tiie zero must be placed in tiie center in- 
8t«ad of at one end, enables the user to eliminate the effect of 
stray fields, by reversing the current and taking the mean of the 
observed indications. The current reversal is readily effected 
by turning the crank in an opposite direction, thus reversing 
the direction of the rotation of the magneto armature. 

Spbcial Conditions. 
The foregoing outline of methods of measuring lesistances td 
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different values treats only of the measurement of simple cir^ 
cults, such as the resistance of a metallic body, or a poor con- 
ductor in which no disturbing factors, such as local E.M.F.'8 
exist. In practice, however, disturbing E.M.F.'s are frequently 
present, being either existent before the measurement is at- 
tempted, as in the case of wbattery, or being set up by the passage 
of the current employed in measuring the resistance, as in the 
case of an electrolyte. These E.M.F.'8 tend to cause currente 
to flow in the network of conductors, which are ordinarily nec- 
essary in measuring resistances, and make the indications of the 
galvanometor or telephone receiver, used as the current detector, 
erroneous. In the following we will take up the methods of 
measuring the resistances of circuito which contain these dis- 
turbing elements and are frequently met with in practice. 
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BESISTAUCE OF ELECTROLYTKa. 
Any liquid not a melted metal, such as mercuiy, fused lend, 
ete., which is a conductor of electricity, is an electrolyte, and all 
electrolytes are decomposed when current flows, the decomposi- 
tion setting up an E.M.F. opposing that of the source that forces 
the current through it. This fact makes it impossible to meas- 
ure the resistance of an electrolyte with the ordinary Wheat- 
stone bridge arrangement. Referring to Fig. 105, if the X arm 
of the elementary Wheatstone bridge shown in the figure con- 
tains in itself a source of E.M.F. the correct value of S, which 

must be inserted to make the ratio -n = "v- ^^^^ S°°^> '^ °° 
longer attained when the galvanometer shows no deflection, as, 
where an ordinary resistance would keep the difference of 
potential between the junctions of AB and SX alike, a source, 
X, that contains in itself a source of potential difference will 
cause a flow of current through the bridge network under the 
same circumstances and show a galvanometer deflection, 

KoMrauieh Bridge. 

In measoring the resistance of an electrolyte, one way of 
overcoming this point is to use, instead of the direct current 
which calls forth the counter E.M.F. of the electrolyte, an alter- 
nating current with the current reversals succeeding each other 
so rapidly that decomposition at either pole is immediately re- 
composed and the disturbing E.M.F. set up in one direction, off- 
set by an immediately following and opposite one. 

Kohlrausch flrst suggested the above method and used for 
the measurement of the resistance of electrolytes an ordinary 
slide-wire bridge of the type shown in Fig. 72, obtaining the 
current applied to the slide wire terminals from the secondary 
winding of an induction coil actuated by a battery. If the 
induction coil core be of hard iron, or even steel, the secondary 
current becomes very nearly a pure alternating current with 
smooth, symmetrical waves, a feature that is necessary te secure 
good results. 

The ordinary Thompson or D'Arsonval types of galvanometers 
cannot be used as current detectors with this form of bridge 
because they respond only to direct current. 

Their place is usuaUy taken by a telephone receiver and when 
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the sliding contact is moved along until a point is reached 
where the receiver no longer gives forth a humming sound, the 
value of the resistance of the electrolyte can be calculated or 
read oS exactly as in the case of the same iustrumente used with, 
direct current for the measurement of ordinary resistances. 

The frequency of the alternating current used must be high, 
because if the current reversals follow one another too slowly, 
polarization may take place. 

Witii the frequency obtainable with the interrupter of an 
ordinary induction coU, fairly good results are obtainable, but it 
is claimed by Duddell that the frequency must attain, at least, 



10,000 alternations per second if polarization errors are to be 
entirely eliminated. 

No orthodox Koblrauseh bridges are made in this country, 
but the Hanchett-Sage ohmmeter described on page 107 is 
often used for such work. A special model of this instrument 
with the induction coil for supplying the alternating current 
permanently fastened in the cover, and with the wiring con- 
nections self-contained, is shown in Fig. 106. The galvanometer 
shown as built into the instrument, responds to direct current 
only, and is used for other tests, it being possible to throw eitlier 
it or the telephone receiver into circuit to act as the current 
detector by means of a switeh provided for that purpose. 

Secohmmeter Method. 
A galvanometer which responds to direct current only can be 
used when the direction of the current flowing through the elec- 
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trolyte ia being continuously reversed, if the connectionB to the 
galvanometer be simultaneously i-eversed. The apparatus for 
bringing about these two reversals simultaneously is the secohm- 
meter illustrated in Fig. 107. The device consists of a commu- 
tator, rotated by hand by means of a crank, and having bearing 
thereon, contact brushes through whose aid the direction of the 
current flowing 
through both 
circuits is con- 
tinuously re- 
versed. It is 
necessary to 
rotate the handle 
at a high speed, 
as the current , 
reversals oiust, ' 
as before ex- 
plained, succeed na. jm, 
each other with 

sufficient rapidity to annul the polarization effect The galvanom- 
eter movement must be heavy, so as to possess inertia sufficient 
to prevent its swinging back and forth in an attempt to keep 
step with the pulsations of the current. With these conditions 
fultilled, the resistance of an electrolyte may be measured by 
the Wheatstone bridge method, and a secohmmeter with the 
same ease as that of any metallic circuit. 

Stroud and Henderson Method. 
This is entirely different from any of the foregoing, and con- 
sists of an ingenious modification of the ordinary Wheat- 
stone bridge. Referring to Fig. 108, T, and T, are two tubular 
vessels containing the electrolyte, similar as to diameter and 
nature of terminjils, but differing in length by a known amount. 
P and Q, the two other arma of the bridge, are made of veiy 
high resistance, say 20,000 ohms e.ich, this being desirable, as 
the resistance of electrolytes is high, and it is always desirable 
in Wheatstone bridge measurements to have the resistance of 
the four armd of the same order. The galvanometer should also 
be of the high resistance pattern. To obtain results, R, which 
is an adjustable resistance, is itianipulated until the galvanometer 
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T P 

shows no current, whereupon the ratio = — *— 5= 7j obtaine. 

Aa the electrolyte in T^ and 7^ is the same, the polarization 
RM.F. of the branch containing T^ is exactly neutralized by the 
polarization E.M.F. in the branch 7*,, and the actual resistance 
per unit length of column of electrolyte may be calculated from 
the ratio just given. 

In measuring the resistance of an electrolyte hy any of the 
foregoing methods the liquid is usually placed in a U-shaped glass 
vessel, as shown in Fig. 109. The cubic contents per unit of 
length of tube are carefully determined and the tube lengtii 
itself is measured with care. The tube ends are made as large 




cups in order to allow of the introduction of electrodes of con- 
siderable size. With almost all electrolytes the electrodes must 
be of platinum, sometimes, in order to obtain the lai^area that 
is necessary to give au efficient contact between the electrode 
and the liquid, of corrugated platinum sheet It is more usual, 
however, to use an electrode of spongy platinum, or, still better, 
sheet platinum coated with a deposit of platinum black. In all 
drop of potential methods of measuiement it is desirable to use 
a separate pair of electrodes to make contact with the column 
of liquid at a known distance apart in order to eliminate an 
error due to the contact resistance between the main termi- 
nala and the electrolyte. 
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Instead of determiDing the volume of the contentB of an elec- 
trolyte tube, and from this, by measuring the length of a section, 
the average cross-section of a column of the lii^uid, it ia usually 
much more convenient to obtain the resistance in terms of that 
of a liquid whose resistance per unit volume is known. Mer- 
cury is often used as the standard in this way, the tube being 
first filled to a certain level with this and the resistance meas- 
ured, the performance being then repeated with the same volume 
of the liquid under test. The ratio of the results is then the 
ratio of the specific resist- 
ance of mercury to that { 
of the solution being in- 
vestigated. A standard 
solution that is itself an 
electrolyte is even better ""' "*' 

than mercury. Favorite liquids of this class are sodium chlo- 
ride (Na CI), a solution of which having a specific gravity of 
1.201 has a resistance of 4.66 ohms per cubic cm. at 18° C. and 
a temperature coefficient of .0234, and copper sulphate (Cu SO,), 
a solution of which having a specific gravity of 1.208 has a re- 
sistance of 29.37 ohms per cubic cm. at 18° C. and a tempera- 
ture coefficient of .0241 (both according to G. Wiedennann). 

One point to be borue in mind in connection with meUiods 
using alternating current and a Wheatstone bridge network of 
conductors is that the resistance coils and wires forming the 
four arms of the bridge must be arranged so as to have no 
inductance and no capacity, because, except in the almost im- 
possible event that the inductances and capacities are all alike, 
the different time constants of the different branches will 
throw the currents in them out of step, and it will be impos- 
sible to obtain any balance at all. This is one reason why the 
slide- wire type of bridge is usually employed, a straight 
stretched wire having negligible capacity and inductance. 

Ayrton and Perry Method. 
In the Ayrton and PeiTy method of measuring the resistance 
of an electrolyte, the liquid ia poured into a containing vessel, 
shown in Fig. 110, and cuiTent passed through it with the aid 
of the platinum wires projecting from the sealed ends of glass 
tubes immersed in the liquid. A resistance in the circuit 



■do/GoO^Ic 



144 ELECTRIC AND MAGNETIC MEASUREMENTS. 

enables the strength of the current to be regulated, and platinum 
wires sealed into the ends of two other glass tubes, WandW, 
are used to make connection with a reflecting electrometer. 

As the electrometer is of infinite resistance, it draws no 
current through the contacts, IF and W, hence there is no 
polarization, and the electrometer shows the true difference of 
potential between these pointa. From this and the known 
strength of the current flowing through the electrolyte, as 
indicated by the milliammeter in the supply circuit, the resist^ 
ance may at once be calculated. 

Serines lAqaid Potentiometer, 

A modification of and improvement on the foregoing method 
has been described by Hering. (See Transact, of the A. I. E. £., 




Feb., 1902.) In this a trough of known cross-sectional area is 
used to contain the electrolyte, and current is passed through 
the solution by means of plates, a and b, immersed therein, as 
shown in Fig, 111. 

The strength of the current flowing is measured by a suitable 
ammeter. There is provided also a galvanometer, (7, for detect- 
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ing the presence or absence of current, and a cell or group of 
cells, E, of known potential. A voltmeter, V, is desirable in 
order that the potential of E may be seen at a glance, but if 
£ is a standard cell, it must, of course, be dispensed with. If 
the two plates, / and e, connected up to the galvanometer, 
cell and voltmeter as shown, be immersed in the solution so 
that the E.M.F. between the points of immersion is opposed 
to that of the ceil E, the distance between e and / can be 
varied until the galvanometer, (7, no longer shows a deflection. 
The potential between e and / is evidently that of the cell, 
E, and as the distance between these points may be read off 
from the scale shown on the edge of the containing vat, the re- 
sistance of the solution can be calculated, since we know the 
cross-sectional area of the liquid columa from the size of the 



vessel and the depth of the liquid, the current strength from the 
instrument A and the drop in potential due to the resistance 
from the E.M.F. of E. According to Mr. Hering, the electrodes, 
which should, of course, be of the same material, must not be 
attacked by the electrolyte, or by the products of decomposition 
of the electrolyte, before balance can be attained. The latter 
condition makes it impossible to use the platinum sponge or 
platinum black electrolytes which are employed when making 
the measurements by the above-mentioned Kohlransch method, 
since both store up lai^ qnantitiea of gas. Carbon was foniid 
to possess the same property to an appreciable degree, and gold 
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seems to have been the only satisfactory metal. The method 
is of interest, as it does not call foi any special apparatus, it 
being possible to use an ordinary commercial pattern pivoted 
millivoltmeter, or shunt tj'pe ammeter without ito shunts as the 
galvanometer, Q: 

INTERNAL RESISTANCE OP BATTEBIE3, 

In making certain measurements it is necessary that the 
internal resistance of the battery supplying the current be 
known. There is a latge number of methods for ascertaining 
this quantity, but only a few of these, which are of easy 
application with commercial apparatus, will be considered. 

Ealf-Befieetion Method. 

In a simple circuit, such as that shown in Fig. 11 2, comprising 

a battery, galvanometer, or milliammeter, and an external 




resistance, let die resistance of the various elements be called 
R, Q-, and r, respectively. If the E.M.F. of the battery be 
called e, the current, t, flowing through the whole circuit, is 

By increasing r, i may be reduced to one 



R-\-a- 

half the original value, in which case we have ^ = -=- — .. - ^ 

A Ji -i~ tt -{- s* 
in which N' is the new resistance of r. From these two 
equations we deduce the value ot R, R = N — 2r — (7. This 
method, which is a very simple one, is capable of giving results 
of considerable accuracy. 

Mance't Method. 

In this method the ordinary Wheatstone bridge is used, with 
only two changes of connections ; namely, the battery is 
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connected in the place ordmarilj occupied by the unknown 
resistance, and in the place ordinarily occupied by the batteiy 
there is connected a key for closing the circuit. The gal- 
Tanometer retains its ordinary position. The arrangement is 
shown in Fig, 113. When the key, K, is open, there ia a 
current through the galvanometer, giving a definite deflection, 
which, as will be explained presently, can bo made of convenient 
magnitude. If the key, K, be now closed, and the deflection of 
the galvanometer remain the same, the bridge is balanced and 

the resistance, x, of the battery, is x = - c. Should the olos- 



ing of the key, K, alter the deflection of the galvanometer, the 
resistance of the rheostat, c, must be altered until the deflection 




is the same with .K"open or closed. There ia a high resistance, 
R, in series with the galvanometer, which latter is piovided with 
the usual shunt. By this means the current may be regulated 
so that 8 convenient deflection is obtained while still keeping 
the total resistance of the circuit high, thereby preventing the 
running down of the battery. With this same end in view, the 
the ratio arms, a and b, are of as high resistance as practicable. 
This method when properly handled gives satisfactory results, 
but the limit of accuracy is much leas than that of ordinary 
Wheatetone bridge meaaurements of reaistance, becauae in 
these measurements a zero method is used, which is limited in 
accuracy only by the limit of senaibility of the galvanometer, 
while tJie limit of accuracy of Mance's method is that of a 
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scale reading, usually not greater than one part in three or four 
hundred. This, however, is usually sufficient in practice, for 
the resiatance of a cell ia a veiy uncertain quantity and liable 
to change on very slight provocation. Mance's method ia fully 
as accurate as the half-deflection method. 

Method Ueing Alternating Current. 

If a source of alternating current be used in place of the 
usual direct current, the internal resistance of a hattery may be 
measured by the regular Wheat^tone bridge method, provided 
that the bridge arms are without inductance or capacity, and 
that the current detector is one that responds to alternating 
current oidy, and does not indicate the presence of the direct 
current which the battery under test will cause to circulate in 
the bridge network. A telephone receiver fulfills this require- 
ment if the galvanometer key or device corresponding thereto 
be kept closed during the test, as the continuous current will 
merely put a steady stress on the diaphn^m, still leaving it 
free to vibrate when alternating current flows. The special 
Hauchett-Sage ohmmeter, illustrated on page 140, may be used 
for this test, in which case the stylus must be slid instead of 
tapped along the slide wire. 

It should be noted that this test gives the internal resistance 
of the battery when the same is delivering current, that is to 
say, its open circuit resistance plus that due to any polarization 
that may have taken place. 

Where the galvanometer employed responds to hoih direct 
and altematii^ current, as, for instance, a reSecting electro- 
dynamometer, it is necessaty to test two identical cells at a 
time, connecting them in opposition in the Xarm of the bridge, 
as shown in Fig. 114, in order that their potentials may balance 
one another and no current be caused to flow through the net- 
work. It is evident that the value of the resistance obtained is 
double that of a single cell. 

It will be noted that this second method gives the true in- 
ternal resistance of the cells under open circuit conditions. 

The remarks under the measurement of the resistance of 
electrolytes as to the necessi^ of a high frequency of the alter- 
nations and that the current must be a truly symmetrical one, 
apply with the same force to these testa. 
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Internal Retittance of Storage Batterut. 

Where tlie internal resistance of the battery to be measured 

is very low, as, for iostance, in the case of a storage battery, it 

may be measured very simply in another way involving only 

the use of an ammeter and a low-reading voltmeter. With the 

latter the open circuit E.M.F. of the battery is first taken. 

A heavy current is then drawn from the batterj' and its strength 

measured by the ammeter, the E.M.F. at the batteiy terminals 

being simultaneously measured with the voltmeter as before. 

This gives us two equations connecting e, i, and r, and from them 

e — ^ 
we have — : — = r, where e = open circuit voltage, «* = closed 

circuit volt^e, r = resistance, and i = current. Similar meas- 



3 when the cell is charging 



urementa may, of course, 
instead of discharging. 

BESISTAKCE OF GALVAUOMETEES. 
It is more often necessary to know the resistance of a gal- 
vanometer than that of the cells themselves. The ordinaiy 
methods of measuring medium resistances, before mentioned, 
can seldom be used for this purpose, as they all call for a bat- 
tery current which is usually so high as compared with the 
capacity of the galvanometer that the latter would be burned 
out if any such proceeding were attempted. There are, how- 
ever, other ways of obtaining this information about a galva- 
Qometer, the more usual ones being as follows : 
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Half-DeJUiAvm. Method. 
This is worked in the same way &s the half-deflecUoa method 
for deterniinmg the internal resistance of a battery; that is to 
say, by letting a certain current flow through the galvanometer 
and then inserting sufficient additional resistance to bring the 
galvanometer deflection down to one half. From the same 
formulae given in the above par^raph we evidently have 
G =N— B - 2r, which may be written G = JV- 2r, if the 
internal resistances of the battel^, Ji, be negligible, as compared 
with the resistance of r and of the galvanometer. 

Tkompion's Method. 

If the galvanometer be inserted in one arm of the Wheat- 
stone bridge, as diagrammatically iUusti-ated in Fig. 116, and for 

E 




the galvanometer, usually inserted between JTand By there be 
substituted a contact key, the value of the resistance, i, may be 
varied until the galvanometer shows the same deflection whether 
the key ia raised or depressed. When this state of affairs is 

reached, the resistance of the galvanometer equals -,— . 

The same test can be made by substituting for the tj-pe of 
Wheatstone bridge in which plug resistances are used the slide 
wire form, in wliich event the key between E and B is dis- 
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penaed with, ABO becomes die bridge wire, and the point of 
contact, B, is adjustable and forms the sliding contact. la 



the ratio of a to i alone enteis into tiiis equatioo tlie absolute 
values of a and b need not be known. 
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CHAPTER VI. 

MSASUSEMBNT OF CUSKKHT. 

IdSTRUUBNTS for meaauriiig electric currente ma; oocven- 
ieatly be divided into three classes ; namely, those suited for mear 
suriag direct ciurents only, those for alternating cuiTent only, 
and those that can be used for both dii-ect and alternating current. 

Beginning with the direct current insti'umenta, and leaving 
aside purely laboratory apparatus, such as the voltmeter, t^e 
first commercial apparatus to be considered would logically be 
the potentiometer. This device has already been minutely de- 
scribed in the chapter on laboratoiy standards for current 
measurement, and is referred to here because under favorable 
conditions it can be used in the commercial measurement of 
current strength. 

By far the greater proportion of instruments for the meas- 
urement of direct current fall under another heading, and are 
of types in which the current strength may be read off dii'ectly 
from the position of an indicating device relative to a marked 
scale. Many of such instruments contain permanent magnets, 
upon whose constancy depends the constancy of the accuracy 
of the indications. The class may be divided int« two general 
types: one in which the winding through which the current 
to be measured is passed is held stationary, while a permanent 
magnet, or a soft iron magnet polarized by a stationary mag- 
netic field, is deflected ; the other in which the m^net is 
stationary and the wire through which the current passes ia 
movable. 

Fixed Con- Insteuments. 

The commercial apparatus in most extensive use falling 
under the first class indicated is of the type developed by 
Deprez and Carpentier and by Ayrton and Perry many years 
ago. In this a mi^et, NS, Fig. 116, saturates magnetically 
a soft iron needle, >m, and tends to hold the latter constantly 
in the position shown, as then there is offered a minimum 
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lesistance to the flow of the lines of force from one pole of the 
magnet to the other. The coll of wire, 00, through which the 
actuating current fiows is wound on a spool, so that it forms a 
solenoid who»e axis is at right angles to that of the needle. 
Current flowing through this solenoid affects sn, just as the 
coil of a Thompson galvanometer (see page 56) causes the 




magnetized needle suspended within it to deflect and tend to 
take up a position where its axis is parallel to the axis of Uie 
coil. Au increased current strength of course exerts an in- 
creased force tending to deflect «n, and the needle will there- 
fore come to rest only when this increased effort is balanced by 
the effort of the magnet, NS, to pull m back to its ori^nal 
position, which effort evidently increases as tiie extremities of 
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m recede from the poles NS. By suitably dimensioiuDg the 
parts and shaping the polar faces of SN, the opposing force, 
due to the attraction of the fixed magnet, may be made to in- 
crease for increasing deflection at the same rate as the effort 
tending to turn the needle, due to the current flowing through 
the coil, and therefore the scale, over which the index actuated 
by the moving needle sweeps vrill be graduated in divisions of 
equal width for equal current iucrements. 

The original form of this type of mechanism had the dis- 
advantage that when the current strength changed abruptly 
the index did not show the new value at once, but vibrated 
back and forth on its scale for a considerable period. This can 
be overcome to some extent by making the moving parts ex- 
tremely light, in order to 
diminish their inertia, and by 
making the mt^neUc field 
very powerful, which of 
course results in a greater 
effort to prevent the needle 
from swinging past the point 
where equilibrium exists be- 
tween the directive foroe of 
the magnet and that of the 
solenoid, that is to say past 
the line whose direction ia the 
Fio. iiT. resultant of the fields due to 

the permanent magnet and 
the current-carrying coil. A greater magnet strength means, 
however, a decreased sensibility and increased cost of structure, 
so that a limit in this direction is soon reached. The damp- 
ing of the oscillations that would still exist maybe accom- 
plished, either by an air vane moving in a nearly closed box 
and forming an air dash pot or by an oil dash pot. It may 
also be attuned magnetically by attaching polar extensions 
to the magnet, as shown in Fig. 117, which extensions supply 
a field through which is swept a shortcircuited conductor 
moving with the movable element Currents are set up in 
this short-circuited loop when the needle swings, just as 
in the case of a short-circuited armature coil, and are dissipated 
by doing the work necessary to overcome the loop's resistance. 
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The enei^ so diaBipiited is subtracted from th&t which tends 
to cany the moving system past the position of equilibrium, and 
therefore results in reducing very materially the number of 
swings and the time to obtain a reading. 

Another conunercial-indicating instrument suitable for direct 
current measurements only and containing a stationary peiv 
manent magnet and a fixed coil of wire, is one made by the 
Whitney Electrical Instrument Company. 

Referring to Fig. 118, JViS ia a IJ-shaped permanent mag- 
net, and »n a short piece of soft iron secured di^onally to the 



>^- 




shaft, B, and rotating with it. J. is a stationary spool contain- 
ing the windings, C, through which the current to be measured 
is passed, /is a pointer for indicating the extent of rotation of 
the shaft, and i> is a spring opposing that rotation. The iron 
piece, «n, is evidently polarized by the stationary mf^net, just 
as is the needle in in the Deprez-Carpentier instrument, Fig. 1 16, 
but the stationary magnet does not exert any effective directive 
force in this case, as whatever the position that »n may take up 
by the rotation of the shaft, B, lie distance between ita ex- 
tremities and the inner faces of the nu^net, NS, remains the 
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same, &ad hence there is do increafied or decreased effort to pull 
it back. When current flows through the coil, C, it sets up a 
magnetic flux in the direction of the dotted arrow shown in the 
plan view of the mechanism, and the pohtrized needle of course 
tends to take up a position parallel thereto. The force with 
which the needle tends to rotate is in proportion to the current 
strength, and as the spring, 1>, supplies an opposing force in 
proportion to tiie amount that it is wound up by the rotation of 
the shaft, each current strength has a corresponding position of 
equilibrium of the needle, J, and therefore the scale under I 
may be calibrated directly in unita of current strength. 

These instruments are damped by means of aluminum vanes 
secured to the shafts and swinging between the jaws of a small 
auxiliary magnet. Eddy currents are set up in such a vane 
when it moves, and these check the swings as before explained. 
The form is considerably more sensitive than the older Deprez- 
Carpentier ones. 

Moving Coil Instruments. 

If the d'Arsonval galvanometer mentioned on page 46 be 
graduated by comparison with some standardized eurrentrmeas- 
nring instrument, it may be and often is used as a milliammeter, 
or mill i voltmeter. Such apparatus is, however, clumsy and 
unnecessarily sensitive, and the use of a beam of light for 
taking the readings is rather inconvenient. In instruments of 
tills class for the 'regular measurement of commercial current 
strengths the suspension strips of the reflecting galvanometers 
are replaced by pivots working in jeweled bearings, and a needle 
attached to tiie coil is moved by it over a calibrated scale, 
instead of the mirror and light beam arrangement, a commercial- 
moving coil instrument, thus forming the same modification of 
the d'Arsonval galvanometer that the Deprez-Carpentier instru- 
ment forms of the Thompson galvanometer. 

A common form of this d'Arsonval type of ammeter, built 
along tiie above lines, is the well-known Weston in^tniment, 
whose mechanism is shown in Fig. 119, The rotation of the 
active coil in this and similar meters is opposed by a pair of flat 
spiral springs whose inner ends are electrically connected to the 
coil terminals, and whose outer ends are secured to fixed abut' 
ments through which the current is led into and out of the 
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apparatus. The springs offer an opposing force that increases 
in direct proportion to Hie angle through which they have b^n 
wound up, and, aa the torque increases in direct proportion to 
the current strength, equal current increments produce equal 
iDcremeats of the excursions of the needle, that is to say, the 
scale is equally divided. 

In this instrument, as in the original d'Areonval form, the 
tendency of the coil to oscillate about the point of equilibrium 
before coming to rest is obviated by winding the moving wire 
on a frame of metal of good electrical conductavity, such as 
copper or aluminum. This frame acts like a short-circuited 
conductor in a motor armature, and, as stated before, consumes 
energy which is subtracted from that due to the inertia which 
tends to swing the needle 
beyond the position of equi- 
librium. 

The strength of the cut- 
rents that can be passed 
throu^ the winding of an 
instrument of this descrip- 
tion is very small as com- 
pared with those used in 
most commercial work, as the 
springs, which serve also as 
conductora, become over- 
heated and lose their proper 
elasticity if a very smfdl cur- via. m. 

rent flow through them be exceeded. In order to render the 
apparatus available for the measurement of large currents, 
the same expedient is used aa that employed in the case of 
reflecting galvanometers for decreasing their sensibility, and 
incidentally increasing the amount of current that may flow 
through the galvanometer circuit without injury, that is, by 
using a shunt and diverting the major portion of the current 
through that by-path. The remarks made on the subject of 
shunts for use with the potentiometer when measuring current 
strengths (see page 89) also apply to shunts for such am- 
meters. 

An ammeter made by the Whitney Electrical Instrument Com- 
pany differs from the conventional d'Arsonval form, in that. 
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among other things, there is only one gap in the m^netic circuit, 
instead of tiie usual two, and that the coil of moving wire is not 
aymmetrical to the axis about which it rotates. 

Fig. 120 illustrates the mechanism of this type of instrument, 
the outer pole piece of the mi^net being shown as transparent 
in order that the coil arrangement may be seen more clearly. 
As in the case of the Weston meter, the indications of the 
Whitney device are made " dead beat " by winding the active 
wire on a spool of copper or aluminum, the currents generated 
in the spool tending to bring it rapidly to rest. However, the 
action is not as efficient as in the other form, because in order 
to balance the moving element mechanically, so that a small dif- 
ference in the angle to the horizontal at which the meter is used 
will not introduce an appreciable error, a counterweight is added 



on tJie side of the supporting shaft opposite the coil, and the in- 
ertia of tliie carries the needle slightly beyond the position 
corresponding to the new current strength, when that current is 
applied, and time must elapse before it can swing back again 
and indicate the true value. On the other hand, the construe- 
taon is advantageous in affording very perfect shielding against 
disturbances due to neighboring mi^netic fields, and also in 
that it allows the use of a greater clearance between the coil 
and pole pieces. 

The Kennelly ammeter is shown in F^. 121. In this as 
in the Whitney instrument it will be seen that there is but a 
single air gap in the magnetic circuit; the moving conductors, 
however, instead of being wound into the form of a loop are 
distributed radially on adat disk, and the disk itself is made of 
a good conductor, such aa aluminum, which damps the swing 
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of the indicftting needle, not as in the case of the two preceding 
instrumeuts, by setting up currente aa in a short-circuited turn 
of motor or generator armatui'e, hut by the eddy currents gene- 
rated. There is a considerable amouDt of inactive wire in tlie 
moving element of Uiis class of instrument, because, in order to 
avoid leading the current back tJirough the same magnetic 
field, which would render it inoperative, the turns must be 
canied around the periphery of the disk for a considerable 
portion of its circumference before they can t^in be led back 
to the center and the two ends connected to the flat spiral 



springs, to which electrical connection is made with the outside 
line, and which exert the force opposing the motion of the disk. 
A somewhat similar instrument is the Thompson ammeter, 
shown in Fig. 122. In this as in the Kennelly meter the 
moving wire is mounted on a flat disk, but instead of having 
the individual conductors follow along separata radii, they are 
bunched and flow along a single diameter, being symmetrically 
divided into halves, the return halves of each portion being led 
along opposite semi-circumferences. The form of stationary 
magnet, which furnishes the magnetic field necessary for the 
operation of the instrument, is also different from that in the 
Kennelly instrument. There are two of these magnets placed 
with their poles of unUke signs adjacent. While the necessity 
of two magnets enhances the first cost, their use has the advan- 
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tage that, if the instniment be placed in a powerful ma^etio 
field, what«ver additional field atrength is caused by this between 
the poles of one ol the magnets is ofFset, so far as the action on 
the movable coil ia concerned, by the weakening of the magnetic 
field of the other magnet. In other words, the instrument is 
astatic. This point, however, is of more theoretical than prac- 
tical importance, as the Whitney form is practically as immune 
from external influences, and any of the meters dsBcribed may 
be so effectively shielded, for commercial purposes at least, by 



placing them within an iron casing that no further protection 
is needed. 

The three types of moving-*oil instrument mechanisms that 
have been briefly mentioned above were selected in order to 
emphasize what has been mentioned in a preceding chapter, 
namely, that coil instruments for the commercial measurement 
of direct current are nothing more or less than speeiiil electric 
motors, in which tlie field magnet is stationary as usual and the 
armature allowed to rotate against the constantly Increasing 
resistance of a spring until the point of balance is reached. 
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Aj Fig. 123, makes it clear that the original d'Arsonval form 
of instrument, as exemplified by the Weston ammeter, is a small 
motor with a permanent magnet field, having a stationary 
armature core and a section of armature winding of the con- 
ventional series or drum wound type as moving element B of 
the same figure shows that the Whitney form of ammeter is 
likewise a small motor with a permanent mf^net field, a sta- 
tionary armature core, and one section of armature coil of the 
Gramme pattern as tlie movable element ; whereas the cuts 
in the same figure show that the Kennelly and Thompson in- 




straments are motors having armatures of the radially wound 
form. In each case the opposing force may be that furnished 
by a flat spiral spring or springs ; gravitational attraction is 
sometimes employed when the apparatus is placed in a favorable 
position, or magnetic attraction on an iron needle (see page 52) 
may he used. It is usual to conduct the current to and from 
the moving cnil through the springs, but separate flexible con- 
ductors may be used if the springs he absent, or if it is desired 
to electrically reinforce the capacity of existing springs. 

In all of the forms it is impossible to pass all of the current to 
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be measured through the moving coil unleas the current he of 
very Bniall value, and recourae is had, therefore, to shunts for 
diverting the major portion of Uie current, as already mentioned 
in connection with galvanometers in Chapter III. 

Shunted ammeters of the types so far described have two 
great advantages: first, their scales are equally divided, which 
means that when used to measure tlie output of constant 
potential generators or the load on such circuits, the percentage 
of full load being carried may be estimated at a glance from the 
angular position of the pointer, much as time is casually read 
off from a clock from the relative position of the hands without 
looking at the numerals on the dial. Second, and more impor- 
tant, the amount of current needed by the instrument it^lf 
to produce full scale deEection is so very small that it is easily 
carried by light flexible conductors, the shunt leads, with the 
result that the instrument may be placed in any convenient 
position, irrespective of the location of the bus-bars, the shunt 
only, carrying the predetermined remaining part of the current, 
being inserted in the main circuit. 

On the other hand, it is rarely the case that a shunted am- 
meter will give as accurate results as an instrument in which 
the whole current to be measured is passed through Uie instru- 
ment windings. First of all, there are the temperature errors. 
In order that the windings of coramereial shunted ammeters may 
have the requisite sensibility they are of necessity composed 
largely of copper wire, a material whose resistance changes 
about 1 per cent for every 5° Fahr. change in temperature. 
Therefore if the shunt is of a material having a practically zero 
temperature coefficient, the changes in resistance of the instru- 
ment windings, become importent. The temperatures Rt which 
instruments are used commonly cover a range of from 40° to 100° 
Fahr,, which if the calibration were effected at 70° Fahr. means 
a variable error of 6 per cent, which cannot properly be designated 
as falling within allowable limits. If the shunt be made of copper 
so that its resistance increases in the same ratio as that of the 
instrument, the ratio of the two thus remaining the same, we 
encounter the fact that instruments and their shunts are very 
seldom of the same temperature, the former being usually on 
the front of a switchboard where the temperature may be teken, 
as about 80 degrees on an average, and the latter, in the rearsur- 
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rounded by current-carrying conductors, rheostats, and the like, 
often boxed in 30 as to be at a temperature of 120° Fahr.,orinore. 
This would mean an error of 8 per cent if the instrumebt and 
shunt were calibrated at the same temperature. It would not 
be safe to assume that the shunt will alwaj^ be at a point where 
the temperature is hi^er than tiiat at which the instrument 
is located, either, as it is not uncommon to find switchboards 
erected in galleries where their rears, and hence the shunts 
mounted thereon, are exposed to direct blasts from open win- 
dows in winter, their fronts, where the instruments themselves 
are located, being at the same time subjected to the hot air of 
the interior of the station. The compromise that leads to the 
minimum value of the greatest error possible under these 
varying conditions is to make the shunt of a material having 
a temperature coefficient one half of that of the instrument 
cireuit formed by the instrument windings with the attached 
flexible leads. The error is in this way halved, but even then 
we have possible variations of 3 or 4 per cent from the 
normal from this one cause alone, a figure which, while it 
would have no earthly effect on the operation of 99 per 
cent of the plants in existence, would, Jf known, be pretested 
against in holy horror by the majority of the operators who have 
heard tales of accuracies of one half or even one fifth of a per 
cent for so long that they actually expect to be able to count 
on this being attained in ordinary practice. 

Another very common souree of error in shunted ammeters is 
the resistance at the point of contact where the shunt leads are 
attached to the instrument and the shunt. For convenience in 
constructing the switchboard the leads are usually made de- 
tached from both instrument and shunt, and the connections 
are finally completed by securing the lead ends under screw 
heads and washers at each end, making a total of four of such 
joints. Now, metallic surfaces become corroded and screws 
often work loose where there is vibration, with the result that 
such joints become of very uncertain reeistance and the instru- 
ment readings are correspondingly thrown out Cases have 
frequently come to the notice of the author in which brighten- 
ing the surfaces and retightening the screws has caused a 
difference of 25 per cent or more in tlie indications wit^ the 
same load. Such errora can obviously be minimized by careful 
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periodic inspection ot the contacts, and where such instruments 
are installed this practice should be faithfully followed. 

The error pointed out on page 89, due to leading the current 
into and out of the shunt at a different set of points than those 
used when calibration was efFected, seldom enters as a con- 
siderable factor with weU-built switchboards, but the errors 
due to thenno E.M.F.'s, mentioned on page 90, may be larger 
tlian good practice will permit One manufacturer avoids the 
diflSculty by tlie expedient mentioned on the page referred to, 
that is to say, by placing the points of attachment of the shunt 
leads inside of the distribution terminals of the shunt. 
Another uses the following special plan : 
Referring to Fig. 124, A and B are the shunt terminals, D 
the resistance strip, made of a different metal from the terminals, 
£, a conductor, of the same material as D and C, a tennioal of 
the same material as A, secured to A in such a manner that the 
thermal contact is good, but the two are electrically inBulat«d. 
If, now, the block 
£ is at a higher 
temperature than 
the block A, due, 
for instance, to a 
poorer contact be- 
tween B and its 
bus-bar, there will 
be a lesser thermo electric E.M.P. at the junction between 
A and 2) than at the junction between .B and J>, and if the 
values of these E.M.F.'s are 1 millivolt and 2 millivolts re- 
spectively, there would be a difference of potential of 1 milli- 
volt between A and B, due to that cause alone which would 
be added to or subtracted from that due to the drop in 
potential across the shunt terminals because of the current 
flowing through it, and would hence introduce a corresponding 
error in the indications of the instrument if the leads were 
attached at these points. If, however, one instrument lead is 
attached to A, and the other to C, as shown in the figure, the 
equal and opposing E.M.F.'s at the junctions between A and 2> 
and and E cancel one another, and the E.M.F. between A 
and C, being then that due to the drop of potential because of 
the current flowing only, thus becomes in direct proportion to 
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the current strength. A shunt of this kind is illustrated in 
Fig. 125. 

Ammetees fob Both Direct and Alternating Corkent. 
the kelvin ampere balance. 

Ab was pointed out in the chapter on laboratory standards 
for the measurement of current, the Kelvin ampere balance 
works equally well, whether 
the current be direct or 
alternating, as, in the latter 
event, the current in the 
various coils reverses simul- 
taneously and the resultant 

effort is always to urge fio. la. 

one end of the balance up and the other do^vn. 

This instrument, however, hardly belongs in the class of 

apparatus for the commercial measurement of current strengths 

as its bulk, weight, and cost, the length of tame required to 

obtain a reading, and the fact that it is not direct reading, 

render it unsuited for all except 

laboratory work. 

SIEMENS' DYNAMOHBTER. 

This familiar instrument, illus- 
trated in Fig. 126, consists of 
two conductors, each wound into 
coil form, one of them being sta- 
tionary and surrounded by the 
other, their axes being in line, 
but their planes at right angles. 
The outer coil is suspended by 
a fine silken fiber or a steel pivot 
' resting on a jewel bearing, and 

has secured to its upper side one 
endof a spiral spring whose other 
extremity is made fast to what 
is called a " torsion head." This torsion head is a button 
which can be manually rotated about its axis and which carries 
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a pointer that sweeps over a scale diTided into degrees. 
Attached to the outer coil itself there is another pointer coming 
ap to the same scale, but whose motion is limited by two closely 
adjacent stops. Current is conducted to and from the outer 
coil, through mercury cups secured to the frame of the appa- 
ratus, and the electrical connections between the two coils are 
usually BO made that the current to be measured has to flow 
first throu^ one and then through the other, they being con- 
nected in series. When current flows in this way, the suspended 
coil tends to turn so that its plane is parallel to that of the 
stationary coil, something tliat is not possible because of the 
stops which limit the play of the so-called zero needle attached 
to it. To bring the zero needle back to the position from which 
it started, and which is generally called the zero mark, the 
knurled button secured to the spring is roteted until coinci- 
dence is shown. The torsion spring is now subject to a stress 
which is equal to the reaction between the flxed and moving 
coils, and the amount of the said stress, as indicated by the 
pointer attached to the torsion head and sbowing the amount 
that the spring has been wound up, gives the current strei^h, 
as each apparatus is provided with a set of curve sheets, from 
which the ampere value corresponding to any scale degree may 
be read oS, 

The Siemens instrument can be made more permanent, so 
far as its accuracy is concerned, than the direct current devices 
before described, as the uncertain element of the strength of the 
permanent nu^^et entering into the construction of the D.C. 
instrumente is eliminated and, as the single spring does not 
carry current, there is no danger of having its elasticity modi- 
fied by being overheated from that cause. On the other hand, 
the mercury contacts are a nuisance, as the cups must be 
drained before the instrument can be transported, and the con- 
stant reference from scale reading to curve and back to note- 
book is very trying, when numerous observations are to be 
made. They also share the same objection to which a laige 
majority of alternating current instruments are open, that is, 
that the field furnished by the stationary coil is but weak, and 
neighborit^ fields may form a considerable peroentf^ thereof. 
This makes no difference when alternating currents are being 
measured, as what the foreign field adds to the instrument coil 



■do/Google 



mbasvremeut of current. 167 

field when ouireot Bows in one direction, is subtracted when 
the current flow leversea. When measuring direct current, 
however, this favorable condition does not exist, and if accurate 
results are to be had, it is necessary to pass the cuireut through 
the instrument first in one direction, noting results, and then, 
with the minimum possible dels;, reTersiog the oonueotions and 
noting the new result The 
true value may safely be taken 
as the arithmetical mean, 
namely, one half the sum of the 
two observations, 

ELBCTHOMAGNBTIO INBTBC- 
HBHT3. 
Kohlrauteh In»tr>nnent». 
One of the earliest, if not the 
earliest, form of electneal meas- 
uring instrumeuts is that in 
which the current to be meas- 
ured is passed through a hollow 
coil of wire, that is, a solenoid, 
and its force measured by the 
attraction exerted on a mag- 
netic body suspended within 
the core. The simplest ex- 
ample of such an instrument is 
the Koblrausch, shown in Fig. 
127. The solenoid in this in- 
strument surrounds a long thin 
iron wire which is suspended 
from above by a coiled spring 
simile to that in the ordi- 
nary spring balance. A pointer ""■ "'■ 
secured to the iron wire, or a prolongation thereof, moves ver^ 
ticaUy over a scale, empirically graduated to show current 
strengths. Such an instrument will work, whether the current 
flowing through the solenoid be direct or alternating, but care 
must be used in the design if accurate results are to be at- 
tained when the instrument is used with both kinds of current, 
because if the iron be hard, or of too large a mass, the indica- 
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tioQS will not be correct for both, unless aeparate scales be 
drawn. For ammeters, the best design calls for the use of a 
very fine iron wire for the moving element, as this eliminates 
to a great degree the error due to varying frequencies, and also 
has the advantage of making the scale of more convenient 
divisions. The latter holds good, because of the fact that the 
attraction of a solenoid on an iron core varies as the square of 
the strength of the current until the core is magneticallj sat- 
urated, after which time the attraction becomes directly propor- 
tionate to the current strength. With a very small core, there- 
fore, the part of the scale in which the 
divisions are of unequal width is a 
very small one, in fact, it is possible 
so to design the apparatus thal^ from 
10 per cent of full capacity upward, 
the scale divisions will be practicallj 
equally spaced for equal current in- 
crements. 

In voltmeters, the iron core is usu- 
ally made more massive, in order tliat 
the law of squares may hold good 
tiiroughout a good part of the range, 
as this gives more open divisions at 
the part of the scale where readings 
are usually taken. 

Atl^jison In«trumeni. 
The KohLrausch electromagnetic in- 
struments are not in common use in 
this country, but find their greatest 
popularity on the continent of Europe. 
In England a modification Uiereof is used to a limited extent 
The instrument referred to is the "Atkinson," dit^rammati- 
eally illustrated in Fig. 128. In this the solenoid surrounds a 
vessel containing a fluid in which floats a sealed hollow glass 
cylinder with a graduated stem, very similar to a hydrometer. 
The iron wire is placed inside of this float, so that the pull 
exerted by the current flowing through the solenoid is agiunst 
the buoyant effect of the liquid on the more or less submerged 
float, instead of a coiled spring. This modified Kohlrausch 
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iDStrument gives indications that are much more "dead beat" 
than those of the original form, but this is at the expense of 
simplicity and portability. 

One of the best, and to-day most widely used forms of elec- 
tromagnetic ammeters, retains the feature of a very fine iron 
wire suspended in the center of a current carrying solenoid, but 
instead of having ^tlie extent of motion of this wire indicate 
directly the cunent values, tlie motion is first translated into 
that of a pivoted pointer that swings over a graduated circle 
arc. 

Fig. 129 shows the construction of such an instrument The 
iron wire is suspended from an arm rigidly secured to an axle 
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whose ends are pointed and rest in jewel bearings, and tlie 
same axle carries a pointer and a weight, W, which, as. the 
needle moves, offers an increased resistance to its displacement. 
The figure is so nearly self-explanatory that it is needless to go 
into Uie construction at further length. 

If the swings of the needle of electromagnetic instmmenbt 
like this be damped, either by a suitable air vane moving in n 
nearly closed box, or by a piston fitting very loosely in an open 
ended cylinder neariy filled with viacoua oil, we have a form 
of apparatus that is exceptionally well suited for use on a 
switchboard of an industrial plant The accuracy can be made 
more than sufficient for commercial purposes, by proper design i 
and careful selection of the iron ; moreover, there are uo parta 
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liiible to change through age, the force opposing' the needle's 
swing being that due to gravitational attmctioD, and there being 
no springs or permanent magnets. Furthermore, the apparatiis 
is available for either direct or alternating current. 

Kelvin Ampere Qauget. 

Lord Kelvin, one of our foremost authorities on matters per^ 
taining to electrical measurements and electrical measuring 
apparatus, haa, within the last few years, put the seal of his 
approval on instruments of 
this class, by redesigning and 
putting on the market, under 
his name, the Kelvin ampere 
gauges, one of which is 
shown in Fig. 130. As may 
be seen from this illustration, 
the dead beating is effected 
by an oil damper, the mova- 
ble element is supported on 
hooks which allow of a rol- 
ling motion, and tlie opposing 
force is that of gravity. The 
extreme reliability of these 
instruments has led to their 
wide adoption abroad, and 
tJie author expects to see 
similar types extensively 
used in tiiis country before 
Fio. 130. the lapse of many years. The 

station engineer will be far 
better satisfied with an ammeter that is accurate to only one 
or one and a halt per cent, when inst^ed, but which will retain 
that accuracy unchanged for an Indefinite period, than with a 
meter of a questionable quarter or half per cent error on 
erection, that may become an unknown amount greater in the 
course of a few months, because of m^net or spring strength 
changes, varying lead resistances, etc. The accuracy of a 
■ solenoid ammeter is, moreover, for all practical purposes, abso- 
lutely independent of temperature, whereas shunted ammetera 
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may, as before explained, have temperature errors that may be 
as great as 1 per cent for a change of 5 degrees. 

In large capacities, solenoid ammeters are not inexpensive, 
as the construction of a coil, even of but one or two turns, to 
carry heavy currentu ia a costly mat- 
ter. They are, also, expensive to 
install, as it is, of course, necessary 
to pass the entire current to be meas- 
ured through the meter, and this 
means extensions and complicated 
rearrangements of heavy copper bus- 
bars. 

To meet this last objection, Lord 
Kelvin places the solenoid with ita 
accompanying core on the bus bars 
themselves, and runs a light cord 
from the core to an arm actuating 
the swinging needle, enclosed in a ^m. m. 

conventional case and swinging over 

the nsual graduated scale. In such case it is necessary that 
the indicating portion of the instrument be located vertically 
above the actuating part, but the indicating portion is still free 
to assume any form, usually either the type shown in Fig. 130, 
or the so-called edgewise type, shown in Fig. 131. 

Thomaon Inclined Coil InttniTnenta. 

The Thomson inclined coil ammeter is an electromagnetic 
instrument extensively used in this country for the measure- 




ment of relatively small currents. In it, as will be seen from 
Fig. 132, the stationary coil of wire is placed at an angle to the 
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axis of the etaS of the indicating needle and the staff carries a 
strip, or bundle of strips, of iron, which, when no current is 
passing, are held so tliat their plane is nearly parallel to the 
plane of the coil. When current is put on, the bundle of strips, 
of course, tends to take up a position such that the reluctance 
of the magnetic circuit of the solenoid is reduced to a mini- 
mum, and in so doing, of necessity rotates the iron and with it 
the shaft to the position shown by the dotted line. The force 
with which it tends to rotate is in proportion to the current 
strength, so that the amount that it winds up tlie volute phos- 
phor bronze spring which opposes its motion, aa indicated by the 
attached needle, indicates the current strength. The arrange- 
ment of parts in this instrument results in a laige angular 
motion of the needle, without necessitating the use of auy 



multiplying devices, such as levers, gears, or pulleys. When 
properly designed and built, this instrument is capable of a 
very satisfactory degree of accuracy and reliability. 

Magnetic Vane Instruments. 

Another form of electrom Emetic ammeter, called the " mag- 
netic vane type," and in extensive use in this country, is dia- 
grammaticaUy shown in Fig. 133. Here the current passes 
through a solenoid, whose axis is at right angles to the face of 
the instrument. 

Permanently secured inside of the solenoid spool is a strip of 
soft iron which when unrolled is triangular in shape, the base 
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of the triangle being bent out at right angles, as the figure 
shows. Also within the solenoid core is a steel staff or abaft 
whose pointed ends rest in appropriate jewel bearings, and 
which carries, in addition to the indicating needle, a flat rect- 
angular strip of soft iron, which is parallel to the bent in 
stationary piece when no current is on. 

When cunent passes through the wire coil, the stationary and 
movable strips are, of course, similarly magnetized, so that the 
like poles of the minuets so formed are adjacent ; they there- 
fore repel each other, and in so doing the movable one carries 
with it over the scale the indicating needle. 

This form of instrument has many modifications, differing in 
more or less important details. The force opposing the motion 
of the needle is sometimes that offered by a flat spiral spring, 
and sometimes the atti-action of gravity on a weighted arm. 
Like other electromagnetic instruments, this type is operative 
with either direct or alternating ciirrent, and its motions are 
damped, preferably, by means of the air vane or the oil dAsh pot. 

Electromagnetic instruments in which a portion of the iron 
used is statdonary, are open to certain objections, experiment 
showing that there are errors, when a fixed plate of mf^etic 
material is present, that exist to a much less extent when such a 
plate is not used. This error is mainly due to the following cause : 
Referring to the chapter on magnetic hysteresis (see page 880), 
the flux through a magnetic circuit, composed wholly of iron, 
has different values for the same magnetizing force, according 
to whether the magnetizing force be increasing or decreasing. 

When, on the other hand, the iron is removed, the flux is the 
same, no matter how any given current value has been reached, 
that is to say, air is non-hysteretic. In a composite magnetic 
circuit, foimed partly of air and partly of iron, such as that in 
the instruments in question, the hysteretio influence of the iron 
decreases as the percentage of the total magnetic circuit formed 
by the iron decreases. In the magnetic vane type of instrument, 
therefore, involving stationary as well as movable iron, the 
error due to hysteresis is thus increased, so that there is a greater 
discrepancy between the values of a rising and falling current 
of the same strength. 

The character of the iron entering into the construction of all 
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eleotrom^netic instramento is of great importance, as the 
hysteresis losses vaiy widely in different specimens of the 
metal. While careful design and a proper selection of 
the iron may result in an inatrument in which the difference 
in indications between a rising and falling current of tbe same 
strength is no greater than one half of one per cent, poor design 
and poor iron may cause an error of 5 per cent, or over. It 
is advisable, therefore, carefully to test electromagnetic instru- 
ments intended for use in direct current work, before assuming 
that they are correct and, moreover, to repeat tiie checking at 
intervals, because iron ages magnetically, and has a higher 
hysteretic coefficient, after being subject to changes in the 
intensity of its magnetization for extended periods. The effect 
of i^ing is negligible in some brands of iron, and can be reduced 
in all by proper preliminary treatment, although this fact does 
not seem to be appreciated by all instrument makera. Where 
electromagnetic instruments are used for the measurement of 
alteinating currents, the first source of error, namely, the dif- 
ference in indications between a rising and a falling current, 
does not exist, by reason of the continuous, automatic reversal 
that is going on and which was present when calibration was 
effected. 

HOT WIEE INSTBUMBNT8. 

When an electric current flows through a conductor, the 
energy expended in overcoming the conductor's resistance is 
manifested in the form of heat The energy consumed varies 
as the square of the current strength, and the temperature 
varies proportionately, so that, as a body brought to different 
temperatures expands and contracts, these variations, suitably 
indicated, may be utilized as a means of measuring current 
strengths. 

The amount of elongation of a heated conductor depends on 
the temperature rise, the length of the rod or wire, and the 
material of which it is composed. 

Cardew Instrument*. 

In what is, perhaps, the earliest commercial form of hot wire 

instrument, namely, the Cardew, the conductor is a platinum 

silver wire, about seven feet in lengtli, arranged as shown in 
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Fig. 1S5. It is coiled back and forth over ivory pulleys in 
order to decrease the length of the instrument, and the motion 
is amplified by a gear wheel and segment, or a 
pulley and cord, so that the needle travei-ses 
an arc of over three hundred degrees. To 
prevent air currents from cooling the wire, the 
whole is enclosed in a case, the wire and lower 
pulleys being shielded by a brass tube. As the 
coefficient of expansion of the brass tube and 
the platinum silver wire are not identical, it is 
evidently not feasible to attach the bearings for 
the pulleys over which the wire passes, to the 
tube, for, if this were done and the instrument 
placed where the temperature vras not that which 
existed at the time when the instrument was 
calibrated, the difference between the expansion 
of the tube and that of the wire would cause 
the needle to move. The pulleys are, there- 
fore, mounted on a framework built up on a com- 
bination of brass and iron rods, with the lengths 
of these respective metals so selected that the 
whole expands and contracts with changes of 
temperature at tlie same rate as the platinum 
silver wire. Fig. 136 shows the complete meter. 

The Cardew instrument should not he used 
with the tube in a vertical position as air cur- 
rents are then set up within it by the heated wire, 
and the cooling effect of these currents on other 
portions of the wire causes an appreciable error. 
The tube is, therefore, always placed horizon- 
tally, when possible. 

While abundantly able to satisfy the require- 
ments existing when it was devised, the Cardew 
instrument, as just described, does not compare 
favorably with modem hot wire types. The 
errors introduced by the friction of the bearings 
of the numerous wheels it contains, the disturb- ^°' '*■ 

ing effect of air currents set up in the tube by the heated wires, 
and the generally unsatisfactory result of leading a wire around 
the sharp bend of a pulley when the expansion of its whole 
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length 18 to be utilized, render its indications too inaccurate 
for present day demauds. The electromagnetic and moving coil 
instruoients that have been developed since its time are much 
better and, because but little work was done on apparatus util- 
izing tJie hot wire principle for a considerable period, the preva- 
lence of these other forms has led many to believe that the 
principle itself is inherently defective. Such, however, is not 
the case, as hot wire measuring instruments when properly 
designed, are capable of making a showing that is fully satisfac- 
toiy as compared with that of t^e other types. 

Sartmann and Sraun IngtrumenU. 

Not only is the length of the Cardew instrument objection- 
able, but the wire therein must be run at such high tempera- 
tures, in order to obtain a sufficient linear expan- 
ifiion to work the indicating gear, that the amount 
of energy consumed renders its use impossible for 
the measurement of small currento when the allow* 
able drop in E.M.F. in the meter Ib small, or for 
very large currents where the potential necessary 
to force the current through the instrument is ob- 
tained from the drop across the terminals of a 
resistance placed in the main circuit, that is, it 
cannot be used as a shunt ammeter. The Hartmann 
and Braun hot wire instruments overcome these 
disadvant^es, to a considerable degree, by the em- 
ployment of a somewhat different principle. It is 
well known that, if a wire strand be stretched be- 
tween two fixed points, the amount that it will 
sag at its center, when the strand is slightly 
stretched, is many times the elongation of the 
strand itself. Referring to Fig. 137, AB is the 
expansion wire in the Hartmann and Braun in- 
strument, which, when current flows through it, stretches and 
allows its center to aa^. At the center is attached one end of 
a wire, CD, secured to a fixed point at D. When the distance 
between C and i> lessens, because of the sag of the hotwire, CD 
is itself pulled aside by the spring attached to its center, by an 
amount that is as much greater than the sag of AB, as the sag 
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of AB is greater than the elongation of AB. At the point, H, 
in the center of CD, there is attached b. cord, (7, which passes 
around a pulley fastened on an axis carrying an indicating 
needle, and thia cord ia kept taut by the spring, S, In this way 
a verydiort hot wire elongates sufficiently with a reasonable rise 
in temperature to cause ^readily readable needle deflections. 
The terminals of the hot wire are attached to a common metallic 
framework, but are electrically insulated therefrom. The metal 
of the framework has the same coefficient of expansion as the 
wire, so that changes in the temperature of the surround- 
ing atmosphere affect both equally, and do not give rise to 
erroneous indications. It is claimed that with a Tolti^e as low 
as 300 millivolts at the terminals of conductors attached to A 







Co^ 



and B, sufEcient current will flow through the wire to cause it 
to expand to an amount that will make the indicating needle 
traverse full scale. This drop is one tiiat is readily attainable 
with a shunt whose size and cost are not prohibitive, aud which 
does not call for an unreasonable drain of energy from the circuit. 
The end A of the expansion wire is secured to a special 
terminal part as shown. Thia is provided in order that the zero 
position of the needle may be adjusted by varying the tension 
of AB, should this at any time be necessary. A complete 
Hartmann and Braun hot wire type instrument of the kind 
made in this country is shown in Fig, 138. The device 
having the shape of a wheel with opposite segments indented, 
attached, to the axis of the pointer, is of thin sheet aluminum, 
and moves between the pole faces of the permanent magnet, 
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the eddy currents set up in the aluminum when the needle 
Bwings assisting in bringing it rapidly to test and making 
the indications dead beat. 

Roller Mot Wire Inatrumenta. 
The principle on which these instnimente operate is diar 
grammatically shown in Fig. 139. Keferring to it, a wire, oJ, 
of high resistance, low temperature coefficient and non-oxidiz- 
able metal is secured at one end to a plate, c, passed around a 
pulley, d, secured to a shaft, e, and its free end brought back 
again and mechanically, though not electrically, attached to the 
same plate, c. Plate, c, is kept under stress by the spring, /, 
which constantly tends to pull it in a direction at right angles 



with the axis of the shaft, e, and is so guided that it can move in 
that one direction only. To the shaft, e, is likewise secured an 
a,Tm,ff, bifurcated at one end and counterweighted at the other. 
Between the extremities of the bifurcated ends of the arm, g, is 
another shaft, h, on which there is a small pulley and to which 
is attached the needle, »', that gives the desired indications ; s 
a fine silk fiber is attached at one end to one of the arms of, ff, 
then passes around the pulley and the staff, A, and finally has 
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its other extremity secured to the other arm. The arms aie 
Bpringj and aerve to keep the silk fiber taut. The current to 
be measured flows through the wire, a, only, entering and leav- 
ing as indicated by the arrows. Evidently, when a is heated 
by the passi^ of'current, it expands, which, as a and b were 
originally under the same tension, makes a's tension relatively 
less than that of h, and equilibrium can be restored only when 
the pulley, d, rotates sufficiently again to equalize the strain. 
Ihe rotation of d, of course, carries g with it, and g, in moving, 
causes the silk fiber to rotate the shaft which carries the needle. 
If the temperature of the air surrounding the instrument 
changes, a and b are affected alike, and their resulting equal 
expansion sim^y results in a movement of the plate, c, back or 
forth in itn pa^ without any tendency 
to rotate the pulley. 

Among the advantages of the above 
construction is the fact that the mem- 
ber which compensates for the expan- 
sion of the active wire, due to the 
temperature changes of the surrounding 
atmosphere, is not only of the same 
material as the expansion wire itself, 
bat is actually a piece of the same 
wire, and hence, has exactly the same 
mass and physical characteristics. The 
compensation must, therefore, be per- 
fect 

The entire moving system shown in 
F^f. 189 is mounted on a single base 
plate, free to rotate over a small angle '"*' ""' 

round a heavy shaft secured to it immediately below and in line 
with shaft, A, around which the needle swings. This enables 
one to alter the position of the needle relative to the scale 
without interfering with any of the mechanism in any way. A 
complete instrument of this type is shown in Fig. 140. 

ELBCTBOHTATIO AMITBTBRS. 

An electrostatic instrument may theoretically be used for 

measuring current in connection with a shunt, just as current 

is measured with ammeters of the permanent magnet type as 
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described on page 161. Owing, however, to the fact that elec- 
trostntic iDstrumeDts require a considerable potential difference 
for their operation, and that such instruments must be of the 
fiber suspended instead of the pivot borne type, they can hardly 
be said to come under the head of commercial measuring appa- 
ratus, and are mentioned here, simply to keep t^e scheme of 
treatment iutact. If, in special cases, a delicate electrostatic 
voltmeter be available, it, in connection with a shunt, evidently 
forms a means of measuring the strengths of either direct or 
altematiug currents, but, In the latter case, care must be taken 



that the shunt across which the drop is measured has no self- 
induction, for, if this be present, the drop will be in excess of 
the IR drop, and the indications correspondingly greater than 
tliey should be. 

When used for alternating current measurements alone, the 
difference of potential necessary to operate the electrostatic 
meter may conveniently be made of much higher value by sub- 
stituting for the simple shunt, a transformer, whose primary is 
inserted in the line as a shunt, and which is so designed that a 
rise in the strength of the current flowing through the primary 
winding causes a corresponding rise in the E.M.F. delivered 



■do/Google 



MEASUREMENT OF CURRENT. 181 

I b^ the secondary. The objectioD to this expedient ia the fact 
that the accuracy is dependent on the frequency, and that the 
transformation ratio of the transformer is exceedingly high. 



AMMETERS FOB ALTBKHATINQ COEEENTS ONLY. 

Induction Ammeters. 

It IB a Trell-known fact that, if a mass of condnctdng material 
be placed within the influence of two alternating magnetic fields 
which vary in intensity and direction at the same rate, but 
whose maxima and minima do not occur simultaneously, the 
reaction between the currents thus set up in the mass, and the 
magnetic fields respectively, will, if the former is suitably jour- 
naled, tend to set it in rotation. This principle may be utilized 




in various ways in the construction of alternating current 
instruments. 

Referring to Fig. 141, if A be a disk of copper, or aluminum, 
one portion of which is embraced between the ends of a 
C-shaped structure of laminated iron, about one of whose legs 
wire is wound, and if i) be another coil of wire without an iron 
core, and the two windings are connected to a source of current 
as shown, a torque tending to rotate the disk A is set up be- 
cause the currents in the two coils are out of phase, owing to 
their different inductances. If the tendency of A to rotate 
under these conditions be opposed by a volute spring and a 
pointer be attached to the disk, the sc^e over which the pointer 
would play may then obviously be calibrated directly in units 
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of cun«nt strength by comparison with suitable current , 
standards. 

The phase difference between the two alternating magnetic 
fields may, of eoui-se, be brought about in various ways. Fig. 
142, for instance, shows a disk of conducting material arranged 
so as to be rotatable between the jaws of a (7-shaped structure 
of laminated iron. The structure has a hood of conducting but 
non-magnetic material let into the ends of the C, extending over a 
portion of tlie faces so that the currents set up therein distort 
the magnetic field at that point, and, in turn, exert a force tend- 
ing to cause the disk to rotate in well-known *' shading coil " 
fashion. As in the preceding instrument, the extent to which 
the disk, or the pointer 
thereto attached, ro- 
tates over a fixed 
scale, may.be used as 
a measure of the cur- 
rent strength. 

In both of the in- 
struments just des- 
cribed, itis convenient 
todamp the movement 
of the disk and render 
the indications of the 
apparatus dead beat 
by arranging a pet- 
manent magnet so 
that the disk may 
rotate between its polar extremities, and which, therefore, acts 
as a magnetic brake. Likewise, both must be calibrated for 
the frequency on which they are to be used, as the torque is 
dependent thereon, and both are subject to marked errors 
when exposed to varying temperatures because of the high 
temperature coefficient of the material of which the rotating 
elements are necessarily made. 

Induction types of instruments are in fairly extended use in 
this country, but it can hardly be said that their results are 
dazzlingly accurate or satisfactory as compared with those of a 
good iron core solenoid device. 
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SERIES TBANSFOBHEB8. 

OwiDg to the relatively large enet^ consumption of altai^ 
nating current ammeters of ike electromagnetic and induction 
types, and to certain other reasons to be explained further on, it 
is not usual to employ shunts to furnish the drop necessary to 
actuate tihem, but to install instead transformers whose primaiy 
windings are connected in series with the supply line, the sec- 
ondary terminals being attached to the instrument. This is con- 
venient when heavy currents are to be measured, as it obviates 
the necessity of winding the instrument with wire heavy enough 
to carry the total current and the expense that is frequently 




involved for the conductors that convey the current to and from 
the instrument. It is also of value where the measured current 
is supplied under high potentials dangerous to human life, as the 
insulation between the two windings of the transformer may be 
made to withstand any desired voltage so that that of the cur- 
rent passed through the meter is perfectly innocuous. 

Series transformers must be designed so that the ratio of the 
currents in their two windings remains practically the same at 
any load, differing in thatrespect from the ordinary lighting trans- 
formers where the potential ratio is the one that it is desired to 
keep constant. Topical forms are shown in Pigs, 143, 144, 
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and 145, perspective and cross-sectional views being given. 
The trauafortner in the first figure is of the cable type in 
which the primary 
winding is a straight 
section of the conduc- 
tor carrying the cur- 
rent to be measured, 
while the secondary 
winding is formed 
of several turns of 
finer wire laid parallel 
to it. In the second 
form of transformer, 
the primary winding incloses the secondary, while in the third, 
the structure is similar to that of the ordinary lighting trans- 
former, but instead of having the primary windings make sev- 




eral turns about one side of the iron core, it passes straight 
through it, being thus in effect a half turn, although this is, of 
course, completed to make a full turn by the return circuit 
from the load aa formed by the other bus-bar. All have ft 
transformation ratio that varies somewhat with the varying 
frequeacies, and hence, all must be calibrated for the number 
of alterations on which they are to be used. 
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SHUNTS FOB ALTESNATING CUBEBNT INSTBUMENTS. 

As mentioned above, shunts are sometimes used in connection 
with alternating current ammeters, this being done when there 
is no necessity for interposing a high insulation between the 
instrument winding and the current carrying conductors, and 
when the instruoieat is of a type sufficiently sensitive to be 
actuated by the drop across a shunt of commercial dimensions. 
As instruments sufficiently sensitive to use on these drops are 
usually of the hot wire pattern in which the inductance is low, 
it is a matter of small difficulty to make the design such that 
the ratio of the inductance to the resistiince of the shunt and 
the instrument are equal so that the frequency of the current 
being measured introduces no error, and the apparatus may be 
used on either direct or alternating current witfiout its being 
necessary to employ correction factors, or draw in additional 
scales. 

Very particular care must, however, be taken to make the 
resistance of the joints between the instrument terminals and 
the shunt a minimum, as the instrument circuit resifitance is 
already low, and if that of the joints is comparable thereto, an 
error is introduced. 

CALIBRATION OF AMMETERS. 

BOUECB OF CDRRKNT. 

In calibrating an ammeter, the first matter to consider is the 
souree from which the testing currant may be drawn. In all 
cases,' it is desirable to have this source of low potential, as 
otherwise it is necessary to employ bulky and expensive auxil- 
iary apparatus, such as rheostats or other resistances, across 
which the portion of E.M.F. not required to force the current 
through the instrument may be dropped. For the calibration of 
direct current instruments, ttiis means that the most suitable 
current souree 13 either a low voltage djmamo, such as is used 
for electroplating work, or else one or two large storage battery 
cells. The electroplating dynamo is convenient when a source 
of power maintaining a steady speed is available, because the 
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E.M.F. which it generates, and hence, the current which it will 
force through l^e instrument under test, is very easily regu- 
lated by means of an inexpensive rheostat placed in its field 
circuit. Unfortunately, however, plating dynamos are not com- 
monly at hand, or, if one is, the speed of tiie pulley that drives 
it may be so irregular that the current cannot be held steady for 
a sufficient lengUi of time to make the necessary observations. 
A storage battery, therefore, forms the source most commonly 
used, and has the great advantage, that for the short periods of 
time during which current is being drawn in making compari- 
sons between the tested instrument and the standard, it will 
deliver a current considerably in excess of its normal dischai^ 
rate without injury. 

When testing alternating current ammeters, tiie current 
source may be any alternating current dynamo, as the potential at 
which current is delivered may readily be stepped down by 
means of a transformer, to any suitable figure, the current 
strength at the same time being raised to a correspondingly 
higher value. Adjustable impedances are then employed to 
vary the amperage over the range needed in the checking of the 
particular instrument under test. 

CUBEBKT REGULATING DEVICBB. 

In order to be able to adjust the strength of the current 
passed through the instrument under test, and to hold it con- 
stant at any desired point for a reasonable length of time, it is 
usual to employ resistances whose construction varies somewhat, 
according to whether the currente are lai^ or small. In the 
latter event, common wire resistances or rheostate of any con- 
ventional form are employed, it being advisable to select those 
in which the resistance wire is of a metal having a very small 
temperature coefficient, so that, when it is heated by the [ 
of current, ite resistance may not change sufficiently to i 
tate a constant readjustment Such rheostats are usually pro- 
vided with contact plates, so it is possible to get only as many 
different current strengths as there are contacte. Sometimes, 
however, the resistance wires, or bars, are arranged so as to be 
accessible throughout their length and a sliding contact pro- 
vided with a clamp is fitted to them ; so that good contact may 
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be made at any desired point, and hence, gives an infinite num- 
ber of steps. 

Another form of rheostat, whose resistance may be varied by 
imperceptible gradations, is built np of carbon, which may be in 
the form of carbon grains contained within an elastic envelope, 
capable of being compressed, to a greater or less extent, between 
a liKed terminal plate and a movable one. A rheostat of this 
kind is shown in Fig. 146. Where the currents are heavier, 
carbon rheostats are made by placing the broad faces of a 
number of carbon blocks in contact with one another, and 
enclosing them in a framework that is equipped with a screw, 



by means of which they may be pressed together more or less 
firmly. The greater the pressure, the less the resistance. A 
rheostat of this kind is shown ia Fig, 147. 

Plain (not coppered) arc light carbons may be used to make 
& temporary rheostat along the same lines by placing them on 
end in an asbestos-lined perforated bottomed box, as shown in 
Fig. 148. The two ends of the box are provided with large 
terminal sheets of brass, one of which can be pushed inward by 
turning the crank handle shown. The large radiating surface left 
by the interstices between the carbon rods enables this rheostat 
to carry comparatively heavy currents, but, in common with 
the two preceding forms, it labors under the disadvanti^ that 
the possible range of variation in resistance is rather smalL 
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For laboratory work in haDdling heavy currents, a very con- 
Tcnient form of resistance is made up of German silver tubing 



through which a stream of water from the city mains is con- 
stantly flowing. The direction of the water flow should be 
from the lower to the upper part of such a tube in order to do 
away with the chance of having the tube fused if the water 
supply should momenta^ 
rily fail. By using this 
artificial cooling method, 
there can be carried from 
fifteen totwenty times the 
amount of current that 
would be possible without 
it. The plan does not 
introduce difficulties be- 
cause of the grounding 
J.JJJ ,^ of the ciuTent source 

through the stream of 
water which flows from the city mains if a few feet of rubber 
tubing are interposed between the mains and the German silver, 
as the resistance of a column of water of that length renders 
impossible the passive of any appreciable amount of current 
with the E.M.F.'s usually available in ammeter testing. 

The current supplied for testing alternating current ammeters 
may, of course, be regulated by the same devices used for direct 
current Whure many alternating instruments are to be cali- 
bmted, however, it is cheajier to effect the regulation either by 
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means of leads tapped out from the primaiy windings of a 
transformer from which the current supply is drawn, and in 
this way varying the ampere turns of the primary, or, better 
still, by introducing in the primary circuit an adjustable in- 
ductance or " kicking coil " such as is used for alternating 
current theater dimmeis. 

UETHODS OF CALIBBATION OF AMHSITBBB. 
Voltameter Method. 

In spito of the fact that the value of an ampere is defined by 
the International CongreBS in terms of the performance of a 
silver voltameter, neither this nor the more easily used copper 
voltameter is coiumonly employed in the calibration of ammeters 
owing to the cumbersome nature of the voltameter itself and to 
the numerous precautaons that must be taken to avoid the 
errors which may creep in, due to inaccurate observation of 
elapsed time, error ia weighing the plates, and the necessity 
of maintaining the current strength absolutely uniform for 
many minutes. The method is, furiber, a very slow one ; 
so that, while it may be used in laboratories for the calibration 
of secondary standards, it is out of the question to emjJoy it 
commercially m testing a number of instruments. The stand- 
ards ordinarily used are, hence, either of the secondary class, 
which must initially be graduated by comparison with a primary 
instrument, but which are so constructed that they contain no 
parts liable to change with lapse of time, or one like the poten* 
tioineter, giving ampere values derived from standards of 
resistance and E.M.F. 

In both cases the apparatus shows the instantaneous values 
of the test current, and not the product of its mean value by 
elapsed time. 

Calibrating with a Balance or a Dynamometer. 

The secondary standard is usually either an ampere balance 
of the Kelvin type described on p^e 18 or a Siemens Dyna- 
mometer as described on page 165. The former gives closer 
readings, because of its great scale length ; and it is less likely 
to change, since only its geometrical dimensions, the value of 
gravitational attraction, and the integri^ of its windings can 
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affect its indication, when properly installed. The dynamometer 
employs spring torsion instead of gravity for an opposing force, 
and spring elasticity may change. These springs are, however, 
made so long and worked so far Tritliin their limits of elasticily 
that an error due to a sudden change in that quality is extremely 
improbable. While their scale length is less tiian that of a 
balance, they are more portable, less care need be taken to obtain 
a vibrationless foundation, and readings may be taken witli 
much greater rapidity. The results are, with ordinary care, 
sufBciently accurate for all commercial purposes. 

Collation with a Potentiometer. 

The chapter on the potentiometer has explained how this 
instrument may be used as a standard in the measurement of 
dii-ect currents. Giving, as it does, results in terms of the 
E.M.F. of a standai-d cell, and dependent only on this and the 
accuracy of the standard resistance across which the drops are 
measured, the results obtainable with a potentiometer are 
thoroughly trustworthy, if reasonable care be employed. By 
having a set of two or three standard resistances, and of two or 
three standard cells, all of which may be checked against one 
another, it is almost inconceivable that errors greater than those 
introduced by iiie inherent limitations of the apparatus could 
enter, particularly as the -method is a zero one, and does not 
depend upon the constancy of Uie indications of any current actu- 
ated device. The potentiometer is always to be preferred for 
checking direct current ammeters if one is available. 

Calibration of AltemtAvn^ Current Ammeters. 

An alternating current ammeter measures effective current 
strengths, that is to say, when it indicates a given number of 
amperes flowing from an alternating current source, it means 
that tliat current in flowing through a given circuit would ex- 
pend therein the same amount of energy that a continuous current 
of the same amperage would expend in flowing through the 
same circuit and doing the same amount of work. 

A hot wire type ammeter, therefore, in which the energy is 
expended in heating a resistance wire, after being calibrated 
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with continuous current, may be used to measure alternating cur^ 
rent amperes, and as a secoudarj standard for the calibratdon of 
other alternating current instnimeuts. In a similar manner the 
electixHiynamometer and the Kelvin balance, in which the current 
enei^y is expended in keeping a spring stressed, or sustaining a 
weight against the attractive force of gravity respectively, after 
being first calibrated with continuous currents, may be used to' 
standardize other instruments for the measurement of alternat- 
ing current amperes. 

When using the hot wire type of meter for a transfer standard 
of this nature, it is desirable to check its calibration with direct 
current, both immediately before and immediately after the 
measurement, as most designs have the unfortunate character- 
istic of lack of constancy of accuracy, so that confidence in their 
indications can only be obtained as outlined. With the dyna- 
mometer patterns of meters the calibration is more stable, but 
the conductors to and from them must be twisted together to 
form a cable, in order to avoid inductive influences, and their 
windings must be finally laminated in order that the distribution 
of current through them may be the same, whether that current 
be direct or alternating. 

I'recaatumt. 

If the ammeter under test be of the electronu^etac type, 
errors due to changes in its temperature do not enter to an 
appreciable extent, since the number of turns of the actuating 
solenoid remains constant, and the whole current flowing through 
this influences the iron core to the same extent, whether the re- 
sistance of the windings be high because of a high temperature, 
or low because of a low one. Thus, the only effect of varying 
temperature is to cause a varying drop across the instrument 
terminals. 

On the other hand, electromagnetic instruments work by 
magnetic attraction on iron, and the property of iron, known as 
hysteresis, by virtue of which the flow of the lines of force 
through it is dependent, not on the magnetizing force alone, 
but also on the magnetic stress to which it was previously sub- 
ject, introduces an error. If the attractive magnetic force is at- 
tained by increasing the strength of an already existing current 
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to a ^ven new value, tlie pull on the iron core of the instru- 
ment is less than if the saioe value were reached by decreasing 
a larger current to Uiat amount, and the instrument needle, 
therefore, has different positions to indicate the same current 
strength. The amount of difFereuce depends on the design of 
the apparatus and the quality of the iron employed and is very 
small in good instruments. In others, however, the error is 
lai^, and it is, therefore, aecessary, in checking the calibration 
, of an electromagnetio ammeter, to make two sets of observa- 
tions, one with an increasing, and the other with a decreasing, 
series of values to fully determine its characteristics. 

If the ammeter to be tested be of the d'Arsonval type, in 
which there is a stationary permanent magnet, and a moving 
coil of wire which carries a known fraction of the current to be 
measured, this particular soui-ce of error is not present, since the ■ 
\vire is non-magnetic and non-hysteretic. On the other hand, 
temperature influences enter, since the materials entering into 
the composition of the two branches of the circuit, formed by 
the instrument and its shunt respectively, are different, and their 
temperature coefficients differ likewise ; so, when the tempera- 
ture is other than that at which the calibration was initially 
effected, the ratio of the currents flowing through tiie two, 
changes. This matter has been treat^td more fully in the sec- 
tion on shunts (see p^e 162) to which reference should be made. 
For work of high accuracy with d'Arsonval instruments it is 
preferable to have a shunt with a zero temperature ooefHcient 
and an instrument whose variation of resistance with variations 
of temperature is known, as appropriate corrections for tfie in- 
strument temperature can tiien readily be applied. 
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CHAPTER Vn. 
kbasusimeht of potentials. 

Direct Currbnt KM.F.'S. 

measubement with tsb potbntiometbb. 

The paragraph on the potentiometer (page 73) has explained 
how this apparatus is used in measuring an E.M.F. in terms of 
the difference of potential existing between the terminals of 
a standard cell. While it is not necessaij to enlar^ furi^er 
OQ the apparatus here, it may be reiterated that this method is 
capable of the highest commercial accuracy and involves the use 
of apparatus that is comparatively inexpensive and ezceediugly 
reliable. 

MEASUBEMENT WITH PERMANENT MAGNET VOLTMBTEES. 

All indicating voltmeters, with the exception of tiiose of 
the electrostatic type to be treated further on, are nothing but 
ammeters of very high resistance and capable of measuring only 
minute currents. That such an ammeter can be calibrated to 
indicate voltage instead of amperage is evident from a con- 
sideration of Ohm's law, J = -^ . If in this formula ^ is a 

constant quantityand of a value so high that thei'drawn from the 
circuit does not disturb the potential difference, E, at the points 
of attachment of the meter's terminals, E becomes directiy pro- 
portional to I, and a given ammeter may, therefore, be calibrated 
in volts instead of amperes. This general remark should not 
be interpreted to mean that an indicating voltmeter is built 
exactly like an indicating ammeter ; on the contrary, the require- 
ments are diametrically opposed. In the ammeter it is desirable 
to have the resistance of the instrument a minimum in order 
that the drop across its terminals may be as small us possible, 
and the laigest possible remaining E.M.F, left available to force 
the current through the external cirouit, whereas, in a voltmeter, 
the resistance is made as high as can be done in order that the 
current it draws may be a minimum and not appreciably reduce 
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tike potential between the poiota of attachment Farther, with 
ammeters of the shunt pattern, the potential available for forc- 
ing the current through the iDstrument windings is only that 
due to the drop in potential across the terminals of the instru- 
ment shunt because of the resistance of that shunt, and that 
resistance must be kept very low in order that this portion of 
the instrument may not become too bulky and costly, whereas, 
in a -voltmeter, the majority of commercial potentials that have 
to be measured are comparatively high, usually well in excess 
of 1 volt, so that that amount of E,M.F. may be dropped across 
the windings of the active coil proper. One other feature is 
that in shunt ammeters, owing to the errors introduced by 
varying temperature of the instrument windings, conservative 
current densities must be employed in order to prevent the 
current flowing through them from causing a sufficient tempera- 
ture rise to introduce in itself appreciable errors. Such is not 
the case with voltmeters. Here 1 to 3 volts is the ordi- 
nary drop across the active coil terminals, this figure being 
imposed by the fact that instruments of this low range are 
sometimes required, and by the additional fact that to obtain a 
greater one windings would have to be used of a diameter so 
small as to render their employment almost impossible for 
mechanical reasons. A large auxiliary resistance must be con- 
nected in series with the active coil itself, therefore, in order 
that it may drop all of the potential except the 1 to 8 
volts required by the coil windings, and the temperature coeffi- 
cient of that resistance may be selected so as to make the 
apparatus, as a whole, practically independent of temperature 
influences. Suppose, for instance, that the instrument in ques- 
tion is of 150 volts capacity and that H volts potential at the 
active coil terminals would cause full scale deflection; the 
temperature coefficient of the coil circuit would probably be 
about that of copper, i.e., the resistance would increase about 
1 per cent, for a temperature rise of 5". If the resistance 
that was placed in series with this active coil, in order to make 
it necessary to apply 150 volts potential difference to the 
terminals to pive full scale, is of a metal having a zero tem- 
perature coefficient, a change of 5° in the temperature of 
the instrument would mean a change in the resistance of the 
instrument as a whole, not of 1 per cent, but of .01 per cent. 
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la other words, for ordinary temperature changes the error is 
entirely negligible. 

With the foregoing differences between u voltmeter and an 
ammeter under8t»x>d, a reference to the chapter on ammeters of 
the permanent magnet type will explain sufficiently the similai- 
direct enrrent voltmeters. 

VOLTMETEBS FOE BOTH DiBBCT AND AlTERHATIHQ CUBBENT. 
VOLT BALANCES, 

The Kelvin -balances that have been described in tie chapter 
on labomtory and commercial standards and mentioned in the 
chapter on ammeters, can be used for the measurement of po- 
tentials also. For this work the centi-ampere balance is chosen, 
as this demands the least amperage for its operation and is of 
the highest resistance. The manufacturers supply resistances 
made of low temperature coefficient metal to be used in connec- 
tion witJi the centi-Rinpere balance to enable its employment in 
the measurement of commercial voltages. As in these devices 
the percentage of the toUil instrument circuit resistance offered 
by Uie copper balance coils is high, it is necessary to use in 
connection with it thermometers that show the coil temper- 
atures and to make proper allowance for any deviation from the 
normal at which calibration was effected if accurate results are 
to be had, 

BBFLECTINO ELBCTR0MBTEB3. 

The reflecting electrometer has been mentioned on page 30. 
It forms an ideal device for the measurement of potentials in 
that, as its resistance la infinitely high, no current is drawn 
from the sonice under test, and the potential shown is, therefore, 
that of the source when on open circuit 

It is not, however, common to use such meters for the meas- 
urement of low potentials, as they can hardly be said tn be of a 
commercial pattern ; the moving element is fiber suspended and 
hence not portable, and the indications must be read off with a 
telescope and scale, or a lamp and scale, which does not make 
the operation any more easy. When a reflecting electrometer is 
to be used, it should iirst be tested on direct current by attach- 
ing to its terminals a battery of low E.M.F., observing the 
deflection, reversing battery connections, and observing the fresh 
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deflection and then comparing notes. In the case of the great 
majority of electrometers it \rill be found that the two indica- 
tions do not agree. This is because the suspension supporting 
the moving vanes is necessaiily an electrical conductor and 
almost invariably of different metAl from that forming the 
vanes, the former being ordinarily of phosphor-bronze strip and 
tlie latter of sheet aluminum. When dissimilar metals are in 
contact a difference of potential exists between them, and, al- 



though this is small, it is comparable with that of potentials 
■within the range of measurement of the electrometer. The 
instrument will, therefore, read higher with the outside polarity 
presented in one way than when connections to it are reversed, 
so that if it was originally calibrated on direct current it should 
always have a given binding-post attached to the direct current 
terminal of the same polarity as when originally calibrated. 
When used for measuring an alternating E.M.F. the electrom- 
eter will read high or low by an amount equal to the contact 
E.M.F. between the suspension and the vane. It will read 
high if the calibration with direct current was effected with the 
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outeide E.M.F. opposing the contact E.M.F., and low if the 
two assisted each otiier. A proper allowance must, of course, 
be made for this factor. 

ILECTROBTATIC VOLTMETEES. 

While the sensitive fiber suspended reflecting electrometers 
are little used except for laboratory purpoaos, the same princi- 
ple is employed with considerable success in commercial work 
where the potentials involved are sufficiently high to give large 
deflecting forces of a magnitude comparable with those existing 
in electromi^netic or permanent magnet instruments. Other 
things being equal, the rotational effort exerted on the moving 
element varies as the square of the potential, so that as the 
potentials inci'ease, the point at which sufficient torque is 
obtainable is rajridly reached. Where the potential regularly 
used is too low to give the desired directional effort with a 
single pair of vanes of practicable size, the number of pairs 
may be multiplied, as in the case of the Kelvin multicellular 
voltmeters mentioned on page 32. 

Fig. 149 shows a similar instrument made by Hartmann & 
BrauQ. The principal difference between this and the Kelvin 
instrument is in the shape 
of the movable vanes and 
in the fact that the indi- 
cations are damped by an 
aluminum disk s wining 
between the poles of a per- 
manent m^net instead of 
a disk immersed in oil. 

Another type of electro. 
static voltmeter Is shown 
in Fig. 150, wherein tlie 
vane system is not sym- 
metiical to the axis about 
which it rotates, and the 

damping is accomplished *"*■ '"' 

by means of an air vane fitting closely in a nearly tight box. 
The sensibility of this pattern of meter cannot be made very 
great, the minimum fuU scale voltf^ for which they can be con- 
structed being 1,000. 
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As electrostatic Toltmeters are as a rule used for high poten- 
tial work, it becomes necessary to take apecial precautions to 
prevent a spark from passing from the fixed to the movable 
elements. The distance between the two ia made a minimum 
in order that the actuating force may be as laige as possible, 
and fuses of very fine wire are ordinarily placed in the instru- 
ment circuit so that if a spark should pass, the current flowing 
through conducting paths Ulus opened will blow the fuse and 
disconnect the apparatus. This expedient is, however, not 



always efficacious, as the amount of current is but small, 
and the apparatus may be ruined before it attains a strength 
BuflBcient to melt the safety fuse. Additional protection is 
afiEoided by enveloping the stationary plates in a coating of 
mica or hard rubber. A superior plan ia to make connection 
between the instrument and the line, not directly, lint through 
the intervention of condensers whose insulation resistance may 
be made as high as is desired. With this arrangement it is 
practically impossible to bum out the voltmeter, if properly 
designed. 

Electrostatic voltmeters per ae are not in common use in this 
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countiy, but instruments based on the electrostatic principle and 
used to indicate the occurrence of a ground on h^h potential 
lines are very popular. Such devices are called " ground de- 
tectors," and one is shown in Fig. 151. In use the movable 
vane is electrically connected to a ground-wire, and the dia- 
metrically opposite fixed quadrants to either side of the line. 
As long as the circuit is not grounded, the potential difference 
between each pair of quadrants and the movable element is the 
same, and the index points to zero. Should, however, one of 



the lines become wholly or partly grounded, the potential differ- 
ence between the quadrants attached to that wire and the mov- 
able element is less than that between the other wire with its 
attached pair of quadrants and the same movable element, so 
that the needle is deflected, the direction of the deflection 
showing the side of the line that is faulty. 

Where multiphase circuits are used, three single-phase elec- 
trostatic ground detectors like the above are often employed, and 
these may conveniently be built into a common case as is shown 
in Fig. 152. 

A more recent instrument makes use of three stationary 
plates (in a three-phase system) placed 120° apart, each con- 
nected to one of the line wires. At the center of the spherical 
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triangle formed by these plates there is pivoted so as to be mov- 
able toward any of them, a fourth vane electrically connected to 
ground. 

It ia evident from Fig. 153 that if any one of the three line wires 
becomes grounded, the movable vane will move away from the 




central position where it is normally held by the springs 
shown, because the original equality of difference of potential 
between each fixed vaue and 
the moving one is disturbed, 
and that th$ deflection of the 
pivoted vane, therefore, shows 
not only that a ground has 
come into existence, hut on 
which of the conductors it is 
located. A perspective view 
of a three-phase ground de- 
tector of this kind is given in 
Fig. 154. 
pj^ jj^ An electrostatic ground de- 

tector in which the repulsion 
between sharp points similarly chatted is used instead of the 
attraction between flat plates oppositely charged, is shown in 
Fig. 155, 

In all electrostatic voltmeters, it is advisable to have tlie pro- 
tective casing of metal in metallic connection with a well- 
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grounded plate, as the latter tiien servea not only as a shield 
against disturbanceH due to foreign electric charges, but will 
prevent injury to the attendant if he should accidentally come 
into contact with the meter. 



DYNAMOMETER VOLTMETERS. 

As in the case of otlier types of ammeters described in the 
preceding chapter, an electrodynamometer may be used 
to measure volt- 
ages by forming its 
coils of many turns 
of small diameter 
^vire instead of a 
few turns of wire of 
laige cross-section. 
The Siemens dyna- 
mometer, as illus- 
trated on page 165, 
is however seldom 
used in its original 
form for potential 
measurements, as 
the currents in- 
volved ate so small 
that the use of 

mereuiy cupsisun- Fio, ws. 

necessary. They 

are usually replaced by two torsion springs, the current being led 
into and out of the moving coil through tliese. In some patterns 
there is but one spring, a very flexible conducting strip being 
employed to carry the current away. 

A typical form of the modified electrodjoiamometer class of 
voltmeter is the Weston instrument, whose moving element is 
shown in Fig. 156. As will be noted, this consists of a circular 
coil of many turns of wire, equipped above and below with 
pivots which rest in appropriate jewel bearings, and having its 
coil ends in electrical contact with two volute springs secured 
to the pivots. As the outer extremities of these springs are 
attached to stationary terminals, they serve as an opposing force 
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to iiie coil motion. This circular coil is placed vithin a larger 
stationary one whose windings are connected in series with it 
so tiiat the current in both reverses simultaneously, and the re- 
sultant effort is to urge the coil to rotate in a given direction. 

Such inetniments cannot have their indications damped by 
winding the movable coU on a metallic framework forming a 
closed electrical circuit, as in the case of permanent magnet 
instrumental, because, if this were done, the framework would 
act as a short-circuited secondary of a transformer when alter- 



i^„ ,Bg_ IS accompiisDca oy a incuon nrusn 

which acts adjustably on the small 
disk secured to the lower pivot, as shown in Fig. 156. In the 
later Weston model, and in other similar instruments, the 
damping is accomplished by means of an air vane moving in a 
nearly closed box. 

While such dynamometer voltmeters may be used for tlie 
measurement of E.M.F.'s of either direct or alternating current 
circuits, they are open to certain objections. In the first place, 
the magnetic field furnished by the stationary winding for the 
movable one to work in is necessarily of feeble intensity, as 
compared with the magnetic field in direct current instruments, 
this being because tiie whole of the magnetic circuit is through 
air, and because the number of enei^izing turns must be kept 
down for reasons to be explained later. A weak instrument 
field means that the apparatus is sensitive to the influence of 
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neighboiiDg foreign fields. This feature is of no importance, 
when alternating potential is being measured, as then the direc- 
tion of the current through the movable element is being con- 
tinuously reversed ; an external field that would cause the 
indications to be high when the current is flowing in one direc- 
tion exerts an equal influence to make the indication low with 
the current flowing in the reverse direction, and the average 
result actually indicated is correct. With direct current, how- 
ever, this does not hold good, and it is neceHsary, therefore, to 
make two readings with a given source of d.c. E.M.F., one so 
that the current flows through the apparatus one way, and the 
other with it flowing the other way, and to take the mean of the 
two to arrive at the correct resolt To be sure, a dynamometer 
instrument of this kind may be orientated until its indications 
are the same, irrespective of the polarity of the attached con- 
ductors, but to find the exact position is a tedious matter, and 
seldom worHi while. 

Another objectionable feature of the dynamometer type of 
voltmeters, and which, in fact, applies to all alternating current 
voltmeters except those of the electrostatic type, is their low 
resistance. It is necessary that this should be low, because 
the number of turns must be kept down in order tiiat the resist- 
ance offered to the flow of a continuous current may be practi- 
cally the same as that offered to an alternating curreDt; that 
is, ^Rt the resistance and impedance shall be nearly alike, and 
' the small number of turns thus allowed must be of coarse low- 
resistance wire, in order to carry without overheating the 
amount of current necessary to supply a field of the requisite 
strength. If the self-induction of the instrument is not made 
negligible, the less resistance encountered by direct current 
would allow of a current flow greater than that caused by a 
source of alternating E.M.F., and the instrument would read 
higher on direct than on alternating current for the same 
voltage. 

BLECTBOMAGNSno VOLTMETERS. 

Here again, as in many preceding instruments, we find that 
the only difference between the voltmeter and the ammeter is 
that the former is wound with many turns of fine wire instead 
of e few of coarse wire. The internal mechanism of an electro- 
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magnetic vultmeter of the solenoid type is shown in Fig. 157. 
Obviously, in the case of the magnetic vane fom], the same 
substitution of fine for coarse wire is of itself sufficient to effect 
the conversion of the instrument. 

Where electromagnetic Tolttneters are to be used for general 
test work, and it is desired that their indications shall remain 
correct independent of the frequency of the circuit on which 
measurement is being made, the number of turns in the station- 
_ ary spool must, as 

already ex[dained, be 
made a minimum in 
order that the self- 
induction may be as 
small as possible. - In 
order to reduce this 
Talue to a point where 
thedifFerence between 
tlie resistance and im- 
pedance is practically 
zero, the resistance 
must be made so low 
that if a good fraction 
of die maximum po- 
tential for which the 
apparatus is designed 
JtjQ. m. is applied to it 

for any considerable 
period, the beat generated will change the resistance, and 
hence the accuracy of the indicatjons, because, as stated in 
the opening remarks of this chapter, the accuracy of the indi- 
cations of s voltmeter depends upon the assumption diat the 
R of the instrument is constant For portable instrumenta 
of this class, therefore, that must be correct on any frequency 
and on direct current as well, low-resistance windings are 
employed, and it is necessary to observe care that the meter be 
attached to the circuit for only brief periods in order that its 
heating may not introduce appreciable errors. They are usually 
provided with spring-actuated contact keys, so that current 
will not flow through them unless the key is intentionally 
depressed, and then only as long as it is kept depressed. 
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Where euch instnimentB are not intended for all-around 
work, but are of the Bwitchboard pattern, to be used in connec- 
tion with one installation only, the frequency of the current 
delivered by that installation is ascertained in advance and the 
instrument calibrated to be correct for that frequency. Com- 
paratively high self-induction is in this case permissible, which 
enables tJie use of enough wire to make the resistance sufficiently 
high to keep the current flowing down to a value which will 
not introduce heating errors. 

To boil the above down, portable alternating current voltme- 
ters of the dynamometer and electromagnetic types are accurate 
on varying frequencies only by sacrificing their resistance and 
by sacrificing the possibility of leaving them continuoualy in 
circuit without beating error ; switchboard instruments of either 
type may be left continuously in circuit and are of higher re> 
sistauce, but are accurate only ou the particular frequency for 
which they are calibrated. 

HOT-WTEE Y0LTMETEE8. 

It is not necessary to go into the details of these, for, as in 
the case of the electromagnetic instruments above, they differ 
from the hot-wire ammeters only in that the resistance of the 
wires is made as high as possible in order to consume a minimum 
amount of current, and in having auxiliary resistances coupled 
in series with the tiiermal wires in order to adjust the calibra- 
tion instead of having shunts coupled across the terminals. 

IMDOCTION VOLTMETERS. 

Here again we have merely high-resistance ammeters calibrated 
to show potentials. The description of the former instruments 
covers these fully. 



COMPENSATED TOLTMBTBB8. 
Where a voltmeter is used in a central station, the ordinary 
type gives merely the potential at the station bus-bars and 
conveys no idea of the voltage at the centers of distribution, 
the latter varying with the load on the lines. It is important 
that the potential at the distribution centers be known at 
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the statiou, as t^e primat]' object of the Btation legulation 
is to nuintain tlie potential at the lamps as nearly constant 
as possible, the station voltage being of secondary interest 
only. It is, of course, possible to run a pair of small wires 
whose resistance is low as compared with that of the volt- 
meter, back from the distribulaon centers to the station and 
to attach an ordinary voltmeter to them in oider to ascertain 
this factor. Such an expedient is, however, costly, and in con- 
sequence various efforts have been made to design potential 
indicators which will show the distribution center voltage with- 
out necessitating these return or " pilot " wires. 

One form of these compensated voltmeters is shown in Fig. 
158. This is an instrument of the permanent magnet type 




suitable for direct currents only, and has its movable coil double 
wound; one of the windings is a regular voltmeter winding, 
and if the other is disconnected causes the instrument to read 
volts in the ordinary way. The other winding is like that of an 
ammeter and receives its current because of the potential applied 
by the drop across a shunt connected in the outgoing circuit. 
The electrical connections are made so that the effort of the 
latter opposes that of the voltmeter winding. When, therefore, 
no current is dewing through the line the instrument indicates 
the station potent^l. When cun-ent is being drawn, the drop 
across the shunt causes the deflection of the instrument needle 
to be less than that due to the station potential by an amount 
dependent on the strength of the current The adjustment 
is so made that this diminution is the same as the drop along 
the supply line to the center of distribution with a pven current 
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flow, and the apparatus thua indicates the potential at the 
distribution center without necessitating the employment of 
"pilot" wires. 

A similar expedient is employed in the case of alternating 
current apparatus, the plan being aa indicated in Fig. 169. 
Here the voltmeter is connected to the terminals of one of the 
windings of a voltmeter transformer, the primary coil of the 
same being connected across the Uue. The transformer has a 




third winding of a few turns of heavy conductor, through 
which Ihe out^ing current moat flow, and which is so con- 
nected that its tendency is to decrease the secondary E.M.F. 
induced by the primary winding. In commercial transformers 
of this type, leads are tapped out from the windings and termi- 
nate in contact buttons so that the degree of compensation may 
be varied to suit the conditions of various installations. A 
compensating voltmeter transformer of this kind is shown in 
Fig. 160. 

BUPPRESSED SCALE YOLTMBTBBS. 

In ordinary central station practice the range of voltage to 
be covered by the station voltmeter is very small. For in- 
stance, in a plant running normally at 110 volts, an instrument 
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whose lowest indication is 100 volts and the highest 120 volts 
serves all practical purposes. If the same length of scale can 
be included between these two points as that included between 
the zero and full scale markings of an ordinary voltmeter cover- 
ing all values intermediate between zero and 125 volta, the 
width of each scale division representing a volt is evid'ently over 
five times as great, and voltage determinations may be made with 
that much higher accuracy. The station attendant also may 
stand much farther away from his instrument and still be able 
to read the voltage with the same exactitude. 

Instruments having such scales are called " suppressed scale 
voltmeters," or sometimes " potential indicatoi's," and the 
method of attaining tlie end is as follows : 

In the case of diract-current instruments of the movable coil 
spring opposed type the springs are wound up by turning their 
abutments until they have a sufficient tension to make it neces- 
sary to apply the desired minimum voltage before the needle 
can start to move across the scale. 
If no change other than this were 
made, the value per division repre- 
Benting a volt would be no greater 
than in the original device. If, 
however, the resistance in circuit 
with the moving coil is cut down 
to say one half the original amount 
the current flowing through the 
coil will obviously be doubled, and 
this would cause it to move 
twice the distance against the 
unchanged spring tension as the 
coil in the original apparatus. 
If, further, the number of turns 
forming the moving coil is dou- 
^o- '*"- bled, the doubled number of 

times that the current flows through the field coil will cause a 
doubled deQectional effort. By combining these two expedients 
it is perfectly possible to attain five or for the matter of that ten 
times the torque used in a meter having divisions running from 
zero on upward, and thus to attain the desii'ed end of having the 
value per division one fifth or one tenth as great A permanent 
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magnet-moving coil iiiatrumeiit of this suppressed scale pattern 
is illustrated in Fig. 161. 

Where the voltmeter is of the electromagnetic type, and the 
opposing force is supplied by a weight on which gravitational 
attraction exerts a stronger and stronger pull as the angle of 
deflection of the needle increases, the expedient of winding up 
springs can of course not be used. The plan then employed is 
to provide a loose weight which rests on a fixed shelf when no 
current is on the instrument, but 
which is lifted by the instru- 
metit plunger as soon as this 
starts to rise a veiy small amount. 
T^e weiglit thus added Is large 
enough to prevent the needle 
from moving further, until a 
higher predetermined voltage is 
attained, whereupon the weight 
and the plunger rise leather as 
in the ordinary apparatus. The 
added deflection per volt im- p^ j^^ 

pressed is obtained by increas- 
ing the number of turns in the stationary current carrying 
spool and decreasing the resistance of that circuit precisely as 
in the case of ihe permanent magnet apparatus. 



CALIBRATION OP V0LTMETEE8. 

It is of coarse possible to calibrate a voltmeter by using a 
known standard resistance and passing through it a known cur- 
rent, the resulting potential difference between the resistance 
terminala being calculated from Ohm's law. The value of the 
current strength may be obtained by the voltameter method, if 
desired, and that of the resistance by any of the absolute meUiods 
mentioned in Chapters II and IV. Such a method of establishing 
potentials is, however, cumbersome, and moreover complicated 
by the fact that the voltage-reading device is ordinarily of itself 
of finite resistance and will therefore modify the potential at the 
terminals of the standard resistance when connected in parallel 
therewith. The error may be allowed for by simple arithmet- 
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ical calculation, but of course involves the accurate determioar 
tion of the resistance of the voltmeter, 

A better and much more simple method of voltmeter calibra- 
tion consists in comparing tlie indications of the instrument with 
the E.M.F. of a standard cell by the aid of the already much men- 
tioned potentiometer. If two ceils made at different times and 
preferably one of the Clark and the other of the Weston type 
aie used for the standards, and these are found to agree with one 
another, it is morally certain that the results obtained are of an 
accuracy limited only by the accuracy of adjustment of the 
potentiometer and the closeness with which the iuatrument indi- 
cations are observed. 

Stati(m Potentiometere. 
The ordinary potentiometer capable of measuring every volt- 
age up to its maximum capacity is rather an expensive piece of 
apparatus and seldom available in commercial installations. 
By restricting the number of values that the instrument will 
showto two or three, however, choosing them so that liiey approx- 
imate closely those at which the station instrumeuts are usually 
run, the apparatus is considerably simplified and much reduced 
in price. A simple potentiometer for the calibration of station 
Toltmetere made along the lines indicated is illustrated in Fig. 
162. The resistance MJf is provided with terminals at three 
points only, so that while but three resistance coils only are 
needed, three potentials can be compared. Three standard cells, 
iS^, are provided, and there are flexible terminals, CO, so arranged 
that any one or any combination of them may be connected at 
will. When but one cell is in circuit, the galvanometer inserted 
in the standard cell line will show no deflection when there is 
60 volts difference of potential between M and P, 120 volts 
between M and 0, or 240 volts between M and N. If two cells 
are used, these values are of course doubled, and if all three, 
trebled. By these means the apparatus is to a certain extent 
self-checking as far as tlie E.M.F. of the standard batteries is 
concerned, because if with a fixed potential between M and 
no deflection is obtained, with one cell in circuit and when the 
same potential is applied to the circuit between il^aud P and 
two cells are used there is also no deflection, it is morally cer- 
tain that both of the standard cells are in proper condition, and 
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tiiat the resiBtance wire of the potentiometer has suffered no de- 
terioration. A resistance R of about 10,000 ohms value is in- 
serted in the cell circuit, ao that no detrimental current can flow 
and momentarily afTect the cell accuracy even if the potential 
applied to the potentiometer resistance terminals differs widely 




from the normal. A shortxsircuitiiig key, H, is arranged so 
that this resistance may be cut out as soon as it is apparent 
that balance is nearly attained in order to utilize the full sensi- 
bility of the outfit. 

In this station potentiometer it is necessary to vary the applied 
E.M.F. until balance is attained as indicated by the absence of 
a galvanometer deflection instead of moving the galvanometer 
contact along the potentiometer wire. The voltmeter that is to 
becalibrated is therefore connected with its one terminal to the 
wire Jf and the other to iV^ 0, or P, according to the value de- 
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eired, and the applied E.M.F. varied by a reaistance A in the sup- 
ply line until bidanoe is reached. Aa in the majority of stations 
the working potential is either nearly 120 or nearly 240 volts, 
and the fact that the working voltmeter is accurate on these 
potentials need alone be established, this simple instrument 
answers practically all station requirements. 



The Wheatttone Bridge for Calihrating Voltmeters. 

If a standard cell and a galvanometer of moderate sensibility 
are available, the ordinary Wheatstone bridge may be used to 
advantage in checking the calibration of voltmeters. The pro- 
cedure involves as a iirst step the measurement of the resist- 
ance of the volt- 
meter as closely 
as possible, using 
the bridge in the 
ordinary way fra 
that purpose. 
Ibe apparatus is 
then connected 
up as shovm in 
Fig. 163. To take 
a concrete case, 
suppose the volt- 
meter to be of 150 volts range and that its resistance has 
been determined as 15,000 ohms. The source of E.M.F. 
supplies 150 volts, or over, and the standard cell gives 
1.019 volts. The error of the voltmeter when 100 volts 
difference of potential exists at its terminals is desired. Evi- 
dently, with 100 volts at the voltmeter terminals, there will 
flow through its 15,000 ohms of resistance a current of 
j^l^H-g = .006667 ampei-es. In order that this same current, 
which necessarily flows through the bridge also, may cause a 
difference of potential equal to the standard cell voltage at 
the bridge terminals, pings must be withdmwn to insert 

nnfiflT ~ ■'■^^■^ + o'"i'8 **■ that point. The ordinaiy bridge 

has no ^ ohm coils, and the best approximation that can be 
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made will therefore be 163 ohms. Figuring backward from 

thia point we find that ' „ =: .00666 amperes must flow 
1&8 

through this to cause the drop to equal the standard cell volt- 
age, and that this current causes a drop of .00666 x 15,000 = 
99.9 Tolta across the voltmeter terminals. The voltmeter 
needle should therefore indicate 99.9 volts when the regulating 
rheostat in the supj^y circuit has brought the current strength 
to a point such that the galvanometer shows no deflection when 
the key in its circuit is closed, and if it does not, the difference 
is the error at that point. 

Similar checks may be made at any point on the scale. 

In practice, the bridge resistance that has been calculated is 
first plumed in and the liieoBtat manipulated imtil the volt- 
meter indicates approximately the right potential. The key in 
the standard cell circuit is then momentarily depressed, and if 
deflection of the galvanometer ensues the riieostat is further 
varied until this is no longer the case. The voltmeter is then 
read and the error, if any, noted. 

The above method gives a means of checking voltmeters to a 
degree of accuracy amply high for the most refined station 
practice, and has the great advantage of requiring, in addition 
to the instruments that are usually on hand anyway for other 
work, only an inexpensive standard cell. 

Some manufacturers of Wheatstone bridges equip them so 
that they may be used to measure E.M.F.'s as in an ordinaty 
potentiometer. The plan has, however, nothing to recommend 
it as against the method just described, and calls for more 
auxiliary apparatus. 

Calibration of Alternating Ourrent VbUmeten. 

In the case of alternating current voltmetere it is scarcely 
possible to go back directly to fundamental standards, as is done 
with direct current instruments. The calibration is, however, 
only slightiy more difficult in that all that is necessary is to 
calibrate on direct ourrent by one of the methods described, a 
voltmeter which will indicate the same on either direct or 
alternating potentials of like value, such, for instance, as a hot- 
-mn pattern indicating voltmeter or the Kelvin volt balance, 
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and thea use it as a standard for comparing the meter tinder 
test If at the expiration of such test the sub-standard ia again 
checked on direct current and found to have its calibration 
unchanged, the results may safely be accepted as correct. 

Of course an electrostatic voltmeter of the Kelvin multi- 
cellular or any other convenient type may be used as a transfer 
instrument in a similar way. If, however, the potentials in- 
volved are small, it must be remembered that a correction has 
then to be a^^lied to compensate for the effect of the potential 
difference set up by the contact between the dissimilar metals 
comprising the suspension and the moving vanes respectively, 
as already described. 
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KBASUREHENT OF POWSR. 



The power expended in any electrical circuit is measured by 
the summation of the products of the effective current value and 
the effective difference of potential at each instant. With direct 
currents the power is therefore simply the product of the cur- 
rent in amperes and the potential in volts, the watt being the 
name given to the unit product 

When measuring power in an alternating current circuit, how- 
ever, the simple arithmetical productof effective volts,a8 shown 
by the voltmeter, and 
effective amperes, aa £ - 
shown by the amme- 
ter, no. longer gives 
the true power in 
watts. This is because 
nearly every circuit 
possesses either in- 
ductance or capacity, 
which causes the cur- 
rent to reach a maximum some time later than or in advance 
of the maximum value of E.M.F. At any instant, therefore, 
the actual power is the product of the simultaneously exist- 
ing momentary values of the voltage and current, and the 
mean of the sum of all of these products is different from 
the product of the effective voltage by the effective current, 
as will be evident without entering into a mathematical 
discussion, by simple reference to Figs. 164, 165, 166, and 
167. In Fig. 164 the status of affairs with direct current 
is shown, the height a J of the line /, / above the horizontal axis 
being drawn to a scale representing the current strength and 
the height a c in a similar manner the value of the potential. 
The time is laid out along the horizontal axis, so that, the 
current being continuous and steady, the lines /, / and S, E are, 
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of comae, straight and parallel to the axis. It is evident that 
whatever instant is chosen, the product of a J and a e remains 
the same. The case of alternating current is shown in the suc- 
ceeding figure. Here the horizontal axis again represents 
time, the curve, /, /, the values of the current at any instant, 
and £, E, the potential values at any instant. The reversal of 
current direction is indicated by drawing the curves below the 
horizontal axis for such length of time as they are opposite to 
the initial direcldon. If Has circuit is non-inductive and without 
capacity, the current varies with and in phase with the 
potential, and the curves therefore have the relative position 
shown iu Fig. 165. In such circuits t^e effective watts can be 




calculated by amply multiplying bother the effective volts and 
effective amperes. If, however, the circuit is inductive, the 
current no longer varies in phase with the voltage, but its 
changes in value 1^ behind it, tiie relative position of the two 
being dependent on the relative value of the inductance. Fig. 
166 shows the current and potential curves under these circum- 
stances. Here it is evident that the product of the effective 
volts shown by the voltmeter and the effective amperes shown 
by the ammeter no longer gives the effective watts. Take, for 
instance, the point a on the time line. Here the current has 
the value indicated by the height of the ordinate a c, hut the 
potential value at that instant is zero, bo that their product is 
zero. The maximum product at any period is no longer the 
product of the maximum values of the current and voltage but 
that at some instant, n, where neither is it at its maximum. As 
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algebraic signs must be taken into consideration, we might, theo- 
retically, even arrive at the case given in Fig. 167, where the 
potential and current curves are in opposing phases throughout, 
so that their product is zero, although the voltmeter would show 




the normal effective voltage and the ammeter the normal effect- 
ive amper^e. 

The measurement of the displacement between current curves 
is by no means easy, and even if it were it would be necessary 




to make calculations to determine energy from volt and ampere 
readings with alternating current on an inductive circuit. 
Fortunately there are available means of constructing instru' 
meats which will give the watte direct without this necessity. 
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DTNAMOMBTEB WATTHBTBKS. 

The Siemens ammeter desctibed on page 166 may be con- 
verted into an instrument tiiat will measure the watts in any 
circuit by constructing the stationary coil of comparatiTely few 
turns of large diameter wire connected so that all of the current 
to be measured flows through it, and making the movable coil of 
many turns of fine wire with its terminals connected directly, 
or through the interposition of a resistance, across the line like 
a Toltmetar. When this is done the field set up by the station- 
ary coil is evidently proportionate to the effective amperage, 
and that by the fine wire coil to the effective E.M.F. If the 
current and voltage do not attain their maximum values simul- 
taneously, that is to say, if they are out of phase with one 
another, the reaction between the two fields will diminish with 
increasing phase difference, and the instrument indications will 
be true watts instead of volt amperes. 

THE WATT BALANOK 

The Kelvin balance described on page 18 may likewise 
be utilized as a wattmeter if one of the sets of coils is made 
to carry the total current flowing and the other is connected 
across tiie line, so that the current through it, and hence the 
magnetic field that it sets up, is proportional to the voltage. 
As in the case of the dynamometer wattmeter, the fine wire or 
" potential winding " is used for the movable coils, as the current 
to be carried to them through the suspending ligaments is then 
very much less. 

"WHITNET WATTMETER. 

This is an instrument whose principle is the same as that of 
the dynamometer wattmeter, hut the construction is modified to 
make the apparatus portable and hence more suitable for com- 
mercial measurements. As can be seen from Fig. 168, the 
heavy current winding is formed of two coils supported on 
suitable frames, which inclose instead of being inclosed by the 
fine wire coil. The latter is mounted on a shaft with pointed 
ends resting in jeweled bearings, and the spring effort which 
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balances the turning effort of the coil, wheii the button pro- 
jecting tbrougb tbe top of the instrument case is rotated, is 
tbat of a pair of volute springe of flat strip phospbor-bronze, 
instead of a spirally wound round wire. Tbe current is led 
into and out of the movable coil through tiie volute springs, 
so that tbe mercury cups used in tbe Siemens form are 
done away with. Tbe scale over which the needle attached 
to the torsion button moves is divided so as to mdicate watts 
directly instead of degrees from which the wattfi must be calcu- 
lated by referring to tables or curves. Tbe needle that is 



attached to tbe shaft carrying tbe potential coil, and which is 
brought back to a reference mark on the dial by turning tlie 
torque button to obtain a reading, is allowed a somewhat 
greater range of movement than the corresponding needle in 
the Siemens foiTo. A short scale is dmwn on both sides of the 
reference mark, so that the instrument can be used to read watt- 
ages differing slightly fnira those indicated by tlie needle 
attached to the torsion head. For insbmce, if the torsion head 
needle was pointing to the 50 watt division with a given cur- 
rent flowing, but the other or zero needle was pointing, not to 
the reference mark, but to the division to the left thereof corre- 
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spending to 10 watts value, the true reading is 60 watts, as 
the divisions of the short scale are so spaced that it would be 
necessary to turn the toraion head until its attached needle 
pointed to 60 watts on the principal scale in order to hring the 
zero needle to its zero line. Similarly if the zero needle pointed 
to the 10 watt mark at tlie right of the reference line, the true 
reading would he 40 watts. 

The short scale is convenient in lamp testing, as the 
torsion needle may he 
set to the average 
wattage that the lamps 
are supposed to take, 
and the amount in ex- 
cess of or less tlian 
this may be read off at 
once from the short 
scale. A better idea of 
the scale and general 
appeaiunce of such an 
instrument may be had 
from Fig. 169. 

WESTON WATTMETERS. 
A still further modi- 
fication of the Siemens 
wattmeter is the Wes- 
ton instrument shown 
in perspective in Fig. 
170 and diagrammati- 
Fio. 169. cally in Fig. 171. Here 

the heavy wire coil is 
likewise stationary and surrounds the circnlar potential coil, the 
latter being supported on st«el pivots resting in jeweled bear- 
ings and having the current lead to and from it tlirough volute 
springs. However, no toi-sion head is used, and the potential 
coil, instead of being maintained at practically the same position 
for every value within the capacity of the apparatus, rotates 
about its axis over an augle of about eighty degrees. As in the 
case of the spring controlled voltmeters and ammeters, the 
opposing force that increases in proportion to the deflection of 
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the needle is supplied by Hie volute springs, bo that, as the 
reaction between the currents in the two coils is nearly directly 

proportional tothe watts, 

the scale divisions are 
nearly equally spaced. 

This form of instru- 
ment has an advantage 
over the dynamometer 
^pes, in diat no manip- 
ulation is necessary and 
the needle points at once 
to the scale mark show- 
ing the watts. On tiie 
other hand, as the angle 
between the planes of 
the current and potential ^^ 

coils is variable, the mu- 
tual induction between the two varies with different positions of 
the needle. For any given difference in phase between the 
potential and current the apparatus may have its scale divisions 
drawn so that the 
indications are cor- 
rect If, however, 
the power factor 
varies, this varying 
mutual induction in- 
troduces anerrorthat 
cannot be compen- 
sated for, and can be 
allowed for only 
when the phase dif- 
ference is known. 

The error from 
this source is mini- 
mized by making the 
mutual inductanceof 
and wiUi proper design 
can be made negligible for much commercial work where the 
power factors do not cover too wide a range. However, it 
is not safe to assume that such an instrument will give correct 



the windings as small 
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indications when making meaaurements on both unity and very 
low power factors, Buch as an incandescent lamp load and the 
ene^y consumed by the primary winding of an open secondary 
circuit transformer, for instance, as witb the best design there 
will be a difference in accuracy of at least two or three per cent 
under such circumstances. 

DJDnCnON WATTMBTBBB. 

A wattmeter suitable for tlie measurement of watts on alter- 
nating current circuits only, may be made following along the 
lines of an induction 
motor. Kef erring to 
Fig. 172, if D is a disk 
of good conducting 
metal, such as aluminum 
or copper, and BAB a 
series bf sheetriron 
stampings assembled to- 
gether and surrounded 
on the B extensions with 
fine wire windings and 
on the A extension by a 
coarse wire winding, and 
these coils are connected 
in circuit like the ^e 
and coarse coils of a 
dynamometer watt- 
meter, the disk will be 
j.^ ,jg_ subjected to a torque pro- 

portional to the watts 
flowing. Briefly, the reason for this is that the alternat- 
ing current through tlie coarse winding produces currents 
in the disk whose paths are as shown by the concentric 
circles in the figure and of a strength proportional to the cur- 
rent The current flowing through the fine wire coils sets up a 
magnetic flux in the legs B, B, whose strength is proportional to 
the E.M.F., and tlie reaction between this and the current in the 
disk urges the latter to rotate with a torque proportional to the 
product of the current and the potential, i.e., the watts. The 
m^netic circuit for the lines of force flowing is made of less 
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reluctance by the addition of the set of 8tani|nng8 C placed 
below the disk. 

Having thus an apparatus in which an element is uiged to 
rotate with a torque proportionate to the watts, all that ia 
neceasaiy to convert it into an indicating wattmeter is the 
attachment <^ an index to the disk D, a calibrated scale 
over which this needle may 
swing, and a spring for oppos- 
ing the disk torque. 

The indications of the 
needle of induction instrur 
ments are usually dampened 
or made " dead beat " by 
addmg a permanent magnet 
between whose polar extrem- 
ities the conducting disk 
rotates, the resultant eddy 
currents supplying the neces- 
sary retardation. 

The Westinghouse indicat- fm. its. 

ing induction wattmeter is 

shown in Fig. 173. The conducting disk here takes the form 
of a cylinder, but the principle being the same as that of 
the above wattmeter, the operation may be readily under- 
stood without going into further details. 

HOT TVISK WATTMETER. 

A simple and ingenious wattmeter utilizing the expansion of 
wires heated by the passage of current and proposed by Bauch 
is diagramnmticallj illustrated in Fig. 175. Here a and 6 are the 
two hot wires, S being a shunt inserted in one current carrying 
conductor, and c a resistance inserted between the junction of 
the two wires and the other conductor. Starting from the 
assumption that the elongation of a heated wire is proportionate 
to the heat that it is called upon to dissipate, it can be shown 
(see rinduttrie Ulectrique, Sept 10, 1901) that the difference 
between the elongation of two wires interconnected as shown in 
Fig. 175 is proportional to the watts dissipated in the circuit 
X,X. 
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A mechanical arrangement for indicating the difference in 
the elongation, and hence pull of the two wires, is ebown in 
Fig. 176. Here o and / are solid levers, d and e flexible liga- 




mente taking the place of pivots, and h an arm with a bifurcated 
end for actuating the needle as in the hot wire volt aud am- 



_c_m 



/Bz 



_r^^ 



(6)Gen, 



meters described on p. 178. When a difference of potential 
exists between k and I, but no current flows throu^ the shunt, 
the wires a aud b are heated alike, as the resistance of the shunt 
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is D^ligible as compared with the rest of the circuit 80 formed. 
The lever h will therefore move vertically only and fail to rotate 
the needle. A Bimilar reasoning applies when ouirent Sows 
through the shunt, but there is no diSeience of potential between 
k and I. If there is both a difference of potential and a current 
flow through the shunt, b is heated more than a, the lever / 
rocks, and the arm h urges the needle up the scale. Its excur- 
sions are proportionate to the watts. 

CONITBCTIOHS OP ■WATTMETERS. 

The way in which the current and potential coils of the 
dynamometer tjrpe wattmeters and their equivalents are con- 
nected in circuit has a considerable influence on the accuracy 
of the results obtained. Such connections may be made in 




either of the two ways indicated by Figs. 177 and 178 respec- 
tively. In the former, the potential coil is connected across the 
terminals of the circuit whose watt consumption is to be 
measured, the current coil being cut in before it ; whereas, in 
the second case, the potential coil ia across the supply line and 
the current coil inserted further on. With the first arrange- 
ment the current flowing through ihe series winding is evidently 
that demanded by the load and by the potential coil, and in the 
second case, while the current is that demanded by the load 
alone, the potential indicated is not that at l^e load terminals 
but that due to the drop across the currentrconsuming apparatus 
plus that across the current winding. 

To see the effect of these two plans it will be instructive to 
take an actual example in each case. Considering first the 
results with connections as in Fig. 177, let the load be a 16 C. P. 
incandescent lamp, and the potential of the supply mains 120 
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Toltfi ; assume also that the resistance of the potential coil H is 
4,000 ohms. The current through the lamp may be taken aa 
.5 amperes and that through the potential coil ^^^''g =: .03 
amperes. The current demanded by the potential winding and 
which passes through the current coil is therefore six per cent 
of the current required by the lamp, and the instrument indica- 
tions are that percentage higher than the wattf^ expended in 
the lamp alone. Such an error is, of course, entirely too great 
even for the roughest commercial work. 

If the connections are as in Fig. 178, the results would be as 
follows: The current flowing through the series coil is now 
only that demanded by the lamp, but tlie potential applied to the 




lamp is less than the 120 volt line potential by the amount of 
the drop across the series winding. Let the resistance of the 
latter be taken as .2 ohms, a fair value. With one half ampere 
flowing, the drop is therefore .1 volts, and as the instrument 
takes account of the line voltage only, the resultant indications 
are less than one tenth of a per cent high. 

This error is less than in the preceding ease, but if the cut- 
rent demanded is lai^ and approximating the maximum 
capacity of the series winding, and the potential applied is low, 
it also may become appreciable, althoiigh seldom as great as in 
the first case. For accurate work it ia therefore necessaiy 
that the resistance of both windings of the instrument be known 
in order that proper corrections may be applied to the resulta 
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obtained. In almost all c&ees it is desirable to use the second 
scheme of oonnectioDS. 

COMPENSATED WATTHBTBBS. 

If certain conneotions of a wattmeter are made permanently 
inside of the case, bo that it is assured that the circuits will be 
as in Fig. 1T7, the error due to the current drawn by the 
potential coil can be compensated for in a simple manner. 
Referring to Fig. 179, which shows diagrammatically the internal 
connectioas of a wattmeter and the way in which it is attached 
to the line, it can be seen that in addition to the regular potential 

coil and . the non- + 

induotave nisistance |« f t 

placed in series there- 
with to adjust the 
calibration, turns of 
wire convey the po- 
tential circuit CUT^ 
rent around the spool 
carrying the series 
coil. The number 
of these turns is 
made equal to the 
number of turns in _ 

the movable coil, the rmTm. 

result being that the 
additional fixed coil field due to the additional cnrrant flowing 
through it demanded by the potential winding is exactly neu- 
tralized by the back turns of the same current carried around 
the same number of times through this compensating windii^. 
An instrument so equipped will therefore indicate the watts 
expended on the receiving circuit without requiring the appli- 
cation of any correction &ctor. 

THBEB-VOLTHETEB METHOD. 
The watts expended in any given circuit may be determined 
by usii^ three voltmeters or making three successive measure- 
ments with one voltmeter in accordance with the following 
plan : Referring to Fig. 180, £ is a non-joductive resistAuce 
connected in series with the inductive resistance included 
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between b and c in which the power to be measured is expended. 
Three voltmeters are then attached, one to show the potential 
between a and b, another that between b and c, and tiie third 
that across the line ac. It lb not within the scope of this Tolume 
to give a demonBtration of the correctness of the conclumon, 
but it is a fact that the watts in be are, under these circum- 
stances, represented by the 
+ formula 

j;i _ £* - B* 
2R ■ 

To obtain maximum accuracy, 
R should be chosen so that 
the potential across it is as 
nearly as possible equal to the 
difference in potential between 
the terminals of be. As R 
V is in Beries witii be, and the 
drop across it should be piaoti- 
callj the same, it is evident 
that this method of testing 
calls for the presence of a 
testing voltage double that 
demanded for the nortoal oper- 
ation of the device inserted 
between h and c. 

THBEB-ASntETER METHOD. 
Three ammeters may be 
used to measure the watts ex- 
pended in any given circuit in 
a similar way. In this case the 
connections are made as in Fig. 181, (7 being, as before, the circuit 
whose consumption is to be determined. Connected in parallel 
to O' is a non-inductive resistance R, and three ammeters indi- 
cating the currents through R, C and R + C are inserted as 
shown. Under these conditions the watt expenditure in C is 
given by the formula 

f(V-I,.-I..). 
In contmdistinction to the tiu'ee-Toltmeter method, the tinea- 
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ammeter one does not call for an increased potentiiil for testing 
purposes, but it does demand increased current. On the other 
hand, while with the three-voltmeter method it is possible to 
arrange a switch by means of which connections may be rapidly 
shifted so that one voltmeter may be used for reading all three 
potentials, a similar plan is not practicable with the ammeters, 
owing to the heavy currents involved and the necessity of 
keeping the circuits intact and their resistances unchanged, bo 
that three meters are essentiaL 

Both the three-voltmeter and the three-ammeter metliods have 
the very serious drawback that a very small percentage error in 
the accuracy of the indications or the observations of the indi- 
cations of any of the instruments introduces a very large error 
in tJie results. Neither is used in modem practice unless it 
becomes absolutely necessaiy tomake a test when voltmeters or 
ammeters alone are available, and every precaution is then ex- 
ercised to have the readings as exact as possible. 



POWER CONSUMPTION OP MULTIPHASE CIRCUITS. 

The various instruments for and methods of watt measurement 
above described are alt suitable only for use on simple direct or 
altematii^ current circuits involvii^ two conductors only. 
Where the case involves multiphase currents the conditions 
become essentially different 

If the line on which measurement is to be made is a four> 
wire two-phase one, watts are measured just as one would 
measure them in two independent alternating current circuits, a 
separate wattmeter being used in the conventional way with 
each, and their indications arithmetically added. With tliree- 
phase three-wire systems two wattmeters must likewise be em- 
ployed if the results are to be accurate, whether the loads on the 
different phases are like or unlike. These instruments are to 
be connected in the circuits, as in Fig. 182, the current coil of one 
beii^ inserted in one line, the same coil of the other in another 
line, and the potential coils of each bridged across between their 
respective lines and the third conductor. The sketch shows 
the connections of the receiving apparatus as being in delta, but 
the connections of the wattmeter are made the same if they are 
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arranged in T. The total watts absorbed is ^ven by the 
algebraic Bum of the indicatioDs of the two wattmeters. When 
the power factor of the load is over 60 per cent the algebraic 
sum IB the arithmetical one, but when less than 50 per 
cent it is the arithmetical difference, so that the indications 
of the lower reading wattmeter must be subtracted from the 
h^er reading one to get the correct result 

It is essential tliat the potential coil connections be made as 
in Fig. 182, as otherwise the results obtained may be erroneous. 
This caution is necessary because approximately t^esame poten- 




tial difference exists between a and b as between a and e, and 
the potential terminals of the wattmeters of the b and a phases are 
therefore sometimes connected by careless manipulators to the 
a and b ones respectively, instead of to e. The m^nitude (rf 
the error thus introduced can be understood from the following 
example : Referring to Fig, 183, assume that the power factor 
of the delta>connected load shown is unity, but that the load is 
unbalanced, the current in the three phases being 10, 20, and 80 
amperes respectively, as indicated. Being of unity power factor, 
the total current consumption with 100 volts difference of 
potential between each of the three conductors is evidently 
1,000 + 2,000 + 3,000 ^ 6,000 watts. A wattmeter inserted 
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at a, and having its potential coil oonneoted from a to (, would 
indicate 2,500 watts, and one inserted at c with its potential coil 
between c and h, S,&00 watts, the sum of these being 6,000, as 
above. If it were attempted to obtain the results by using the 
wattmeter a alone, and transferring its free terminal first to b 
and then to <t, the sum of the readings would be 2,600 + 2,000 
s 4,500 only. The demonstration of these facts is simple, and 
can be fonnd on page 947, of Volume XL, of the Meetrieal 



joor 



loor -- 




World and Ungineer, in an article by McAllister, from vrtiioh 
the above example has been taken. 

CAUBBATION OF WATTMETEBS. 

The calibration of a wattmeter for direct currents involves 
nothing more than using an ammeter in series with the current 
coil and a voltmeter connected to the same points as the poten- 
tial coil of the wattmeter. The product of volts and amperes 
as thus indicated is the true wattage. In this measurement it 
is necessary to reverae the direction of the current through the 
wattmeter, as in such instruments the magnetic fields are much 
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lesa powerful than in the majority of direct current meters, end 
stray fields may introduce appreciable errors which are, of 
course, eliminated by making two readings with the reversed 
current and accepting their mean as the true instrument in- 
dication. 

Calibration on alternating current is a far more difficult 
matter if sure results are to be had. A dynamometer ammeter, 
an ampere balance, or a hot wire ammeter may be used for 
measuring the current, and the corresponding instruments 
wound with fine wire or an electrostatic voltmeter, for measur- 
ing the potential. The product of the volte and amperes in 
tiiis case wQl, however, give the watts only if the load being 
measured is non-inductive. For commercial accuracy a bank 
of incandescent lamps is sufficiently near to being absolutely 
non-inductive, although lesistance wires doubled back on them- 
selves are better. If the load is not non-inductive it becomes 
necessary to measure the difference in phase between the cur- 
rent and l^e potential curves, using one of the methods de- 
scribed in Chapter X, and then to calculate the watts from the 
cosine of the angle of phase difference and the indication of 
the alternating current voltmeter and ammeter. 

Another way is to tise as a secondary standard a wattmeter 
that has been calibrated on direct current and of which it is 
known from 1^ design and construction that no errors are in- 
troduced with inductive loads. The Kelvin balance and the 
dynamometer wattaueter as usually made, answer this require- 
ment for all practical purposes at reasonably high power 
factors, and it is safe to assume that if they show up correct on 
a direct current test with reversed connections, they will be 
correct on alternating current also. The only fault that may 
enter to upset this conclusion is the development of a partial 
abort circuit in one of the instrument windings, but with 
apparatus that has been tested for a reasonable period, such 
fault would have its presence clearly indicated by a change in 
calibration, even if it were not aufficientiy serious to make its 
presence evident by the heating of the shortrtircuited convolu- 
tions when alternating current was passed. 

In the few existing wattmeters designed for indicating 
directly the input into a multipliase system of conductors, the 
test is made by checking each of the pairs of potential and 
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current windings separately, sucli apparatus being nothing but 
two wattmeters with the movable coils mechanically joined, so 
that the needle indicates directly the sum of the efforts, instead 
of having two needles Those readings must be added arith- 
metically. 
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CHAPTER IX. 

MBASUKEKBITT OF CAPACITT 

ABSOLTTTB MBIBODS. 

Air Oondeitaen. 

Is Chapter IT, page 33, there was described a standard air 
condenser devised by Lord Kelvin. The capacity o£ such a 
{uece of apparatus can be figured directly from its geometrical 
dimensions, and the known specific inductive capacity of air. 
The errors that may creep into the geometric measurements 
are, however, appreciable, and the apparatus itself is bulky and 
seldom available, so that it is more common to obtain the true 
value of the capacity of any oondeuBer from absolute unita (in 
contradiatiDction to comparison methods) by the plan follow- 
ing: 

Abiolute Capacity Meagurement with Q-alvanometer. 

"Hie tiirow of the coil of a ballistic galvanometer ^ves the 
capacity of the apparatus from which the charge causing the 
throw was delivered if certun characteriBtics of the galvanometer 
are known. 

In the first place, tiie galvanometer constant must be deteiv 
mined. To do this, a low potential source of current, preferably 
a storage battery, is iised, across whose terminals is connected a 
resistance of about 1,000 ohms value. In shunt to s fraction of 
this resistance, say 2 ohms, there is connected the galvanom- 
eter, and the resultant deflection observed after the instrument 
has settled down. If _B is the E.M.F. of the battery, B the 
resistance of the galvanometer, d^ the observed deflection, and 
E^ the potential at the galvanometer terminals (in this case 

E^ = .002), the constant is - — =— 1. 

The period of vibration of the movable element of the galva- 
nometer must next be determined. This is done by setting it 
swinging in any suitable way, such as by passing a current 
momen^rily, and then observing carefully the time required for 

3U 
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it to make, say, ten to twenty swii^. By swingB are meant 
double oscillations from zero to a maximum in one direction 
baok tbrongb zero to a maximum in the opposite direction, and 
to zero again. The number of swinge divided by the time in 
seconds gives the time of vibratioiL T. 

The thitd determination is that of the decrement due to the 
damping of the motion caused by the molecular friction of the sus- 
pending fiber, and of the air currents that the coil must set in 
motion. The decrement is the ratio of the amplitude of any 
vibration to the amplitude of the vibration next succeeding. To 
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obtain this the moving element of the galvanometer is set in 
vibration, and the amplitude of, say, the. first and tenth vibra- 
tions observed. If the first excuision of the galvanometer index 
was, say, forty divisions, and the tenth, one division, the decre- 
ment would evidently be 1.04. Call the Napierian logarithm of 
decrement, X, 

With these characteristica determined, the condenser to be 
measured, the galvanometer, battery, and a resistance box are 
connected up as shown in Fig. 184. On depressing the key 
shown in the figure, the condensor becomes chaiged by the 
known fraction of the battery E.M.F. determined by the ratio 
of the resistance included between the condenser terminals, 
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ah and the box resistance cd. When the key is raised the con- 
denser discharges through tiie galvanometer, causing it to make 
a deflection d^. 

The quantity of electricity discharged by the condenser is 
then calculable from the equation 

If the condenser capacity is F and the potential of the source 
that charged it, E^, we have, as ^ = FE^, F = Q ■*■ E,. Sub- 
stituting in the above formula, we have 



d,rfn 



AW, 2ri.; 



In this, as in all capacity measurements involving the use of 
a ballistic galvanometer, care must be taken to see that the 
peiiod of a complete swing of the instrument is sufficiently long, 
as tiie hypothesis on which the equation rests is that the inertia 
of the moving system is great enough to allow of the complete 
dischaige of the condenser through the galvanometer winding 
before die deflection has had time to attain sensible magnitude. 

COMPARISON METHODS. 

Once having a standard of capacity as determined by the 
above methods, there are several plans of measuring unknown 
capacities in terms thereof. 
Before turning to them, mention 
may be made of convenient 
foniiB of the standard. 

In Chapter II the use of atr 
as the dielectric in standard con- 
densers was instanced by the 
Kelvin instrument, and the iise 
of mica also described. Paper, 
while inferior to mica for 
pj^ ijj condenser construction, is some- 

times employed in rough work, 
but then must be not only dipped in very hot melted paraffine 
before being built up, but the condenser as a whole should, after 
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oompletioD, be entirely immersed in the same compound, aad 
allowed to cool with the cake Bun'ounding it in order to exclude 
the air. 

While for very closely adjusted standards a single condenser 
provided with a shortrcircuiting plug, as shown in Fig. 185, is 
/m.'f each. .Im.f. each. 




commonly employed for measurements of commercial accuracy, 
it is desirable that the standard capacity be subdivided into 
units which can he grouped together as desired. 

This may be done by mounting a number of individual con- 



densers in a common case, and leading the conductors attached 
to their terminals to a series oF contact buttons over which a 
movable plate may be swept From Fig. 186 it may be seen 
that by moving these plates so as to rest on one or more buttons, 
the one or more attached condensers are coupled in parallel. 
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and, in the particular apparatus illustrated, a range of from 
.1 to 10 microfarads in .1 microfarad steps becomes obtain- 
able. A perspective of this adjustable condenser is given in 
Fig. 187. 

An older but still common form of standard condenser has 
the various individual condensers of which it is built assembled 
in one case and connected toge&er by movable tapered plugs 






IHt^ 



like those in resistance boxes. Fig. 188 gives the diagram of 
the connections of one of these, Fig. 189 being an illustration 
of the complete apparatus. When condensers of the individual 
capacities indicated by these figures are used, it is evidently 
possible by insert- 
ing plugs so as to 
couple the various 
combinations to- 
gether in parallel, to 
obtain any capacity 
between .05 and 1 
microfarad in steps 
of .05 microfarad. 
Care must be taken 
that plugs are not 
Fifl. 188. placed in the recep- 

tacles of opposite 
ends of a single bar. A, B, 0, etc., as if so the condenser is short 
circuited, and any battery used to chai^ it would be short cir- 
cuited also. 

This kind of a condenser bas the advantage that it is possible 
to self-cheek it to a certain extent, as the .05 microfarads may 
be compared with one another, and the .5 with the other four 
connected in parallel. 
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Oapadty by Direct Deflection. 

As the deflections of a ballistic galvanometer are proportioiial 
to the quantity of electricity passed through it, the capacity of 
an unknown condenser may readily be detenuined when one of a 
known capacity is also available by first chaiging the known 
condenser from a certain source of E.M.F. and then dischargiug 
it through the galvanometer, noting the ensuing dedection, after 
which the operation is repeated with the unknown condenser in 
place of the standard one. The galvanometer deflections are then 
in the ratio of the capacities. The times during whloh ihe po- 




tential is applied to both condensers must be the same, say five 
seconds, and it is necessary to take the mean of several read- 
ings to allow for small variations in this period. It is also 
necessary, for the best accuracy, that the standard be selected 
so that its capacity is as nearly as possible that of the unknown 
condenser; the whole method is at best, however, a rough one. 

Divided Charge Method. 

For this, connections are made between a ballistic galvanom- 
eter ff, a standard condenser Fy, the unknown condenser 
Ff, a double contact key K, and a charging battery with its 
key, all as shown in Fig. 190. With the apparatus so arranged, 
the battery key is depressed so that the standard condenser Fi 
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ts charged, and the key kept closed for an observed number of 
seconds, say five. TTie battery key ia tiien opened and key K 
raised so that the standard condenser discbarges through the 
galvanometer, the throw thus caused being noted. Key K 
is then again opened and the batteiy key closed as before to 
cbai^ the standard condenser. At the lapse of the same period 
as at first, the key K is depressed, which places the two con- 
deusers in parallel, so that the charge in the standard is divided 
between them in the ratio of the capacities. This being accom- 
plished, the K key is again raised and the deflection caused by 
the discharge of the quantity of current remaining in the stand- 
ard condenser noted. If, then, the capacity of the standard 
fiondenser be designated by Fi and that of the unknown by 
Ff, we have J*, is to ^, as 2>, (the second deflection) is to 
I>, — I>t, in which i), is the first deflection. For maximum 
accuracy, the capacity of the standard should be made as nearly 
as possible equal to that of the condenser of unknown value. 



Bridge Methodt. 

Condenser capacities may be compared whentiiey are intercon- 
nected by a network of conductors arranged like those in the 
Wheatstone bridge. This method has the same advantage that 
exists in the measurement of resistances with a bridge ; that is, 
it is a zero one, and errors due to reading the galvanometer 
deflections are thus avoided. It is further possible to eliminate 
practically all errors due to inductance. 

In the simple bridge method, the standard condenser F^ and 
the unknown one F^ are connected as shown in Fig. 191 ; ad- 
justable resistances Ri and R.^, a galvanometer, a battery and 
a special contact key, a, b, being also employed. When the a 
end of the key is depressed the condensers are evidently being 
charged by the battery, and when tlie b end is depressed they 
are being discharged .through the resistances and the galvanom- 
eter. To make the test, a is first depressed for a brief inter- 
val and then raised for its full height, bo that the condenser 
discharges as stated. If this results in a defiection of the 
galvanometer, the ratio of .K, to i!^ is altered and the trial 
again made, b being kept depressed until then, in order that the 
condensers may be kept discharged. When a ratio of jRi to ^ 
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is finely attained such that no galvauometer defleotioD ensues 

when a is raised and b depressed, tiie relation _i = ._' holds 

ill -*i 
good. This IB so because if the galvanometer does not deflect 
when the condensers discharge, the potentials at its points of 
attachment to the network are equal ; being charged by the 
some potential, the quantities of current stored by the con- 
deiiseis are proportional to their capacities, and these quantities 




proportion to the resistances R^ and R^ in the 
circuits leading to them. 

In this, as in all other capacity measurements involving the 
employment of adjustable resistances, it is essential that the 
latter be absolutely without capacity and without inductance. 
Such coils are purchasable on the open market, and are best 
made as follows : Each resistance unit is made up of two wires 
connected in parallel, each having twice the resistance of that 
desired for the coil, and each of the two coils is wound into a 
flat and very thin spiral. The two spirals are plaoed, their flat 
faces touching and connected so that the currents flowing 
through them run in opposite directions. Being now connected 
in parallel, the opposing windings make the coil non-inductive 
as the current flows in reversed directions in parallel conductors 
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for a like distance. The capacity of Buch a unit is negligible, 
as it forms a condenser in which the potential between its two 
surfaces is but half of that between the innermost and the out- 
side convolutions, and the distance between the surfaces is that 
between the wires forming these convolutions. Such construc- 
tioQ is necessarily expensive, but must be employed if reUable 
reeults are to be had. 

Modifieii Bridge Method. 

If the connections in Fig. 191 are modified to those in Fig. 
192, the galvanometer and battery positions being interchanged, 




we have another method of measuring an unknown capacity in 
terms of a standard. The keys in the battery and galvanometer 
circuits are manipulated so that the condensers are charged by 
the battery and Bubsequently dischai^d through the resistances 
and the galvanometer in a way analt^ous to that in the preced- 
ing method. The values of the resistances are likewise to be 
varied until no galvanometer deflection results when the con- 
densers are unloaded by depressing the galvanometer key, 
whereupon the capacity J", is to F^ as JJj ia to R^. This follows 
because the condensers, connected in series, must each contain 
a like quantity, and the discharge from F^ through B, times the 
potential difference between the terminals of if, must equal the 
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discharge through R^ times the potential difference across R^, 
We therefore have the relatioii 



Thcfmpson Method of Mixture*. 

This method, bo called because it involves mixing the opposed 
charges of two condensers so as to determine whether or not 




they are equal, is an acknowledged standard, particularly for 
the measurement of cable capacities, and is also a favorite when 
the capacity of one condenser is to be accurately determined in 
terms of that of another. 

In making it, connections are arranged as in Fig. 193. In 
making a test, the two center buttons of the special key L are 
first depressed so that the condensers are charged by means of 
tJie battery with the potential differences that exist between the 
terminalB of the resistances R, and R^. After this has been 
done the keys are released, making contact with i? and d respec- 
tively, which places the two condensers in parallel and allows 
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the chaiges to mix. If these chaises were equal and opposite 
when the key E is depressed, tltere will be no galvanometer 
deflection, as there is no current to cause it If there should 
be a deflection, the charges were not alike, and the resistances 
fi, and R, must therefore be varied until this condition is 
attained. When it is, the ratio F, is to J", as R^is to fi, evi- 
dently holds. When the capacity of a cable is being measured, 
the point of junction of the resistances R^ and R^ must be 
connected to earth, as tlie earth forms the one coating of each 
condenser. 

If the results obtained are to be comparable with others, some 
standard time of charging must be used, which time may con- 
veniently be chosen as five seconds. Tlie value of the capacities 



should also be as nearly alike as possible. The key // is a 
special device known as the Lambert capacity key, one of which 
is shown in Fig. 194. 

CAPACITY BY LOSS OP CHARGE. 

If the terminals of a chai^d condenser are left connected 
together through a known resistance, Jt, for a period of T sec- 
onds, its capacity can be calcuhtted from the formula 
T 

^ ~ 2..303 R (log D, - log 7) j 

in which D^ is the deflection of a ballistic galvanometer caused 
by the discharge through it of the condenser after it has first 
been electrified and before the resistance is attached, and D^ 
the same after it has been freshly electrified and then left dis- 
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charging throi^h the resistance R for T seconds. If R, the 
lesistance, is in megohms, the capacity, F, is in microfarads. 

If the condenser under test is of the type in which paper is 
used as the dielectric, its own internal resistance is frequently 
sufficiently low to enable the above test to be made, it being, of 
course, in that event necessary to determine the condenser 
resistance hy one of the methods described in that section of 
Chapter V treating of high-resistance measurements. If the 
condenser is of the n^ica-insulated type, its resistance is or- 
dinarily too high to allow of this, and an external resistance of 
20 or 80 megohms must be connected across its terminals. 

A modification of this test is made by connecting up the 
condenser, battery, galvanometer, resistance coU, and key, as 




shown in Pig. 195, With the apparatus bo arranged the key 
is depressed and the steady deflection of the galvanometer 
noted. The key is then raised and the deflection given read 
after the expiration of T seconds. If the initial deflection is 
designated by D^ and the subsequent one by jf>, the capacity 
may be calculated by tbe same formula given above. 

In both the foregoing, if the condenser resistance is inter- 
mediate between the low value which allows of ite use as the 
resistance through which the chai^ is dissipated and the high 
value which makes its figure so high as compared to the one 
connected to its terminals that the current flow through it is 
neghgihle, the value of R in the formula must be calculated 
from the law of divided circuits, page 94, the true resistance 
being that of the external oho and that of the condenser con- 
nected in paralleh 
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CONDBNBBB ABSOBPTION. 

The majority of types of coadensers have, to a greater or less 
degree, a property of their dielectric by virtue of which they 
will receive a quantity of electricity ia excess of that due to 
their electrostatio capacity. This excens charge is taken up 
more slowly than the condenser charge proper, and the phe- 
nomenon, known as condenser absorptioa, must be allowed for 
in all capacity measurements. 

The absorption of a given condenser may be measured as 
follows : A condenser, F^ whose absorptioa is to be measured, 
is connected up with a standard condenser, J*,, and resistances 
and a galvanometer, all as shown in Fig. 192. A balance is 
obtained in the same way that is employed in measuring 
capacity, bat i^en obtained, it does not indicate that J*, is to F^ 
as if, is to £,, as a portion of the charge, Q, that has been put into 
Fj has been absorbed. If the quantity absorbed is designated by 
q, the potential at ^,'8 terminals is that caused by the charge 
Q — q. To determine q the battery key iCJ is closed and the 
ratio of the two resistances adjusted, so that when the key JC, is 
depressed the galvanometer gives a small deflection. If jSj is 
t^en opened and a few seconds are allowed to elapse, a deflec- 
tion will be observed on closing f, which deflection should be 
opposite to the former one. By further adjusting the ratio It^ 
to R^ the two deflections can be made equal, whereupon q is 
the quantity of electricity that would cause either of the de- 
flections. The value of q may then be readily determined by 
the direct deflcctiou method. 
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CHAPTER X. 
HEASUKBHEIIT OP IHDUCTAirCB. 

As has been previously noted, inductance, or more properly, 
t^e coefficient of inductance, may be either that of a given 
conductor or that between a plurality of conductors. The 
electromotive force set up in any circuit because of its induc- 
tance is the product of tiie coefficient of induction L and the 
rate at which the current flowing changes. 

If, with an alternating current whose intensity and direction 
vary according to the sine law, we take the instant at which the 
current strength is a maximum, we have chosen a time when 
the strength is neither increasing nor decreasing, and the E.M.F. 
of self-induction is therefore zero. If the time is that at which 
the current is passing from a positive to a negative sign, the 
rate of current change is a maximum, and the E.M.F. of induction 
likewise maximum. Analogous conditions hold for the whole 
cycle of current changes, the result being that the E.M.F. caused 
by induction follows the shape of the current curve, but differs 
from it in phase, in that tiie E.M.F. is zero when the current is 
a maximum and vice vena. 

As the E.M.F. so set up opposes any change in the E.M.F. that 
causes the energizing current to flow, a lesser current will 
evidently pass through a given inductive circuit if the curreDt 
is alternating, that is, constantly changing in value and 
direction, than if it is direct and has a constant value and 
direction. The resistance in the latter event is a purely ohmic 
one which may be measured by any of the methods described in 
Chapter V. The resistance to the flow of an alternating 
current may likewise be measured by observing thq amount of 
current that is passing and simultaneously reading the drop 
across the coil terminals by means of a static voltmeter. With 
this value and the true ohmic resistance known, the induction 
can be calculated, as is evident from the following: 

As by Ohm's law, the E.M.F. causing the flow of current 
through an ohmio resistance must change with any current 
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change, the E.M.F. and current for this component of the total 
resistance or " impedance " offered by the coil are in phase. On 
the other hand, as above explained, the E.M.F. due to the induc- 
tance of the circuit is a maximum when the current strength is 
zero, that is, it is one quarter of a period, 90 degree^ or a right 
angle behind the current The effects of tlie two may therefore 
be graphically represented by two sides of a rightrangled tri- 
angle, as in Fig, 196, in which Ml is drawn of a length possess- 
ing the number of scalar units equal to the drop in E.M.F.dueto 
the ohmic resistance, and Lmlio the same scale represents the 
drop due to the inductlTe resistance, while the length of the re- 
maining side of the triangle represents the total impedance. 
lilm&y be determined by measuring the ohmio resistance with 
direct current flowing, and the hypothenuse of the triangle, 
which is, of course, equal to JViP-H L^ti^ by measuring the 
current that passes 
when alternating 
2,u)/ current is applied 
and tiie drop across 
the coil terminals, 
simultaneously. In 
both Jt is the ohmio 
resistance, I the current, and L the coefficient of self-induction. 
a is equal to 2 ir times the frequency of the supply circuit. 
The value of any two sides of the triangle being known* 
that of the remaining one may be readily calculated. 

INDUCTAHCB BY THE BHIDGB METHOD. 

In this the coil whose inductance is to be measured, ag&I- 
Tanoraeter, a set of non-inductive resistances, a battery, and 
ballistic galvanometer are connected up as shown in Fig, 197. 
All of the resistances must be of the type described on page 2-tl, 
free from inductance and capacity, and R^ must be capable of 
veiy exact adjustment ^icb, if necessary, may be accompUshed 
by shunting it with a second adjustable resistance. The re- 
sistances of the ratio arms of the bridge A and B are made alike, 
and the value of the rheostat arm ^ adjusted until the galva- 
nometer shows no deflection when first the battery key and then 
the galvanometer key are closed. Thereupon the galvanometer 




■do/Google 



MEASUREMENT OF INDUCTANCE. 



249 



key is first dejuressed and then the battery key, which will cause 
a deflection or rather throw i>, of the galvanometer due to the 
inductance of S. This defleetioii is noted The value o£ J^ ia 
then changed by a known amount, and the steady deflection, 
which we will designate as D, that is then given when both 
battery and galvanometer keys are kept cloaed, is noted. If 
now t^e time of vibration of the movable element of the gal- 
vanometer determined as described on page 234, be called T, and \ 
is Hhs logarithmio decrement of the instrument, and if the differ- 







ence between the initial and final .values of B, is »•, the induc- 
tance can be calculated from the equation 

In the above, 2>, is the galvanometer throw first observed, and 
B, the second one noted under like conditions. 



MAXWELL'S METHOD. 

In this the inductance is found by comparison with the 
capacity of a standard condenser. Connections are miide as 
shown in Fig. 198, in which Q is the inductive coil and ^a 
standard condenser. The resistances in the arms P, R, and S 
must be without inductance and without capacity. To make a 
measurement, the value of P is first varied until the galva- 
nometer shows no deflection with the battery key and its own 
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key kept closed. The battery circuit ia then made and brokea, 
wtiereupoa it will be found as a rule tliat the galvanometer 
gives a throw each time. 

The tesistanoe R is then varied until the batteiy circuit may 
be interrupted without producing a galvanometer throw, and 
the key again cloeed and held lq order to see whether there is 
any steady deflection of the galvanometer needle. If there is, 
the process must be repeated until such values of P and R are 
reached that there is no galvanometer deflection under either 




condition. The value of the inductance is tiien found from 
the equation 

^ =BC at L= QSC. 

Modified Maxwell Method. 

In this method, proposed by Russell (see London Electrician, 
May 4, 1894), the connections are the same as in the original 
Maxwell one, but* the condenser S is of the adjustable pattern, 
by means of which varying known capacities may be inserted. 
P is varied eo that tibe galvanometer shows no deflectaon witli 
a steady current flowing, and the battery circuit is thea made 
and broken with ite key in the regular way. If the condenser 
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is aow attached and ite value yaried, it will be posalble to find 
two values of qondenaer capacities, the one of which will give 
a throw in one direction on opening or closing the battery circuit 
and the other in the reverse direction. By interpolation be- 
tween the extent of these throws we can calculate the value of 
die capacity which would reduce the deflection to zero. Call- 
ing this value C, the inductance L may be calculated from the 
formula L = QRC. 

COMPARISON METHODS. 

The value of an unknown inductance may be determined 
in terms of a known one by using the connections and apparatus 




shown in Fig. 199. In this the galvanometer need not he 
of the ballistic pattern. S^ is the known coil, and 8% the one 
whose inductanceis tobemeasured. Auxiliary resistances,^, and 
Rj, are connected in series with each, and these groups are inter- 
connected with other resistances, a battery and a battery key, a 
galvanometer and a gtdvanometer key, as the figure shows. 

Keeping B and R^ alike, and of fairly high value, say 1,000 
ohms each, the ratio of A to A, may be varied, so that the gal- 
vanometer shows no deflection whether its key and the battery 
key are kept closed or the former closed and the latter tapped. 

When this adjustment is reached, S^ = -i— . 
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SBCOHMEXBB METHOD. 

TTie Becohmeter is ft mechanically driven commutator, illus- 
trated In Fig. 200, wliich is provided with two pairs of brushes, 
one of which makes contact wit^ the terminals of a galvanometer 
and the other with the source of E.M.F. under measurement. 
When the commutator is set in rotation, it reverses the direction 
of the battery current through the circuit and simultaneouBly 
reverses the connections of the galvanometer to the circuit, so 
that tlie effort on the galvanometer needle is always exerted in 
one direction and a steady deflection maintained in spite of the 
current reversals through the circuit under test With the aid 



of this piece of apparatus, an unknown inductance can he 
measured in terms of a known one by the following method 
(due to Maxwell). In Fig, 201, -S' is the standard inductance, 
S^ the unknown inductance, and Jt and Jt^ two adjustable non- 
inductive resistances. When tlie secohmeter handle is turned, 
the battery circuit being closed, the ratio of ^ to ^, may be 
adjusted until the galvanometer shows no deflection. If the 
same adjustment is such that there is no galvanometer deflec- 
tion when the secohmeter commutator is at rest, S^ = —^ • 
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INDUCTANCE "WITH ADJUSTABLE BTANDABDB. 

If the variable standard self-inductance deBcribed and illus- 
Iroted on page 36 be used in place of the single value standard 
8 in the preceding paragra|di, the meaauremeut becomes simpli- 
fied, since after adjusting R and R^ so that there is no galva- 
nometer deflection with a steady current it is only necessary to 
set the secohmeter in operation fHaA turn the button <ni the adjust- 



OaL 




^"^ 



able standard until the galvanometer is again at zero, iriiereupon 

the unknown inductance may be calculated from the formula 

SB,,. 
^ = -g already given. 

INDUCTANCE BT CALCULATION. 

In a few instances, with suitably shaped coils, inductance may 
be obtained with a fair degree of accuracy by calculatioQ. The 
simplest case is when the inductance iB in the shape of a con- 
ductor coiled up to make a solenoid whose diameter is small as 
compared with its length. With such a coil the value of the 
induotance is 
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in which n is the number of turns of wire, r is the mean ladius 
of the turns in centimeters, and I theover-all lengUi in centimeters. 
This formula is theoretically applicable only to solenoids of 
infinite length, but the error introduced when applying it to 
solenoids having a length of at least ten times their diameter ia 
negligible for many practical purposes. 



MUTDAL IndfcTANCB. 
NICHOLS METHOD. 

The quantity of electricity that is momentarily discharged 
through a circuit connecting the terminals of a coil inductively 
influenced by a neighboring current carrying coil, varies in 
direct proportion to the strength of the current through the 
influencing coil and inversely as the resistance in its own circuit 



ria. m. 

It is also dependent upon the mutual inductance between the 

MI 
It 

the quantity of electricity momentarily flowing through the 
influenced coil, R the resistance of that coil, / tJie current that 
has been caused to flow through the other coil, and M the co- 
efficient of mutual inductance. 

To measure mutual inductance utilizing this formula, con- 
nections are made as in Fig. 202. Here P is the coil through 
wliich battery current is passed, and iS' the one in which current 
is induced when the strength of that in the former is varied. 

The value of Q in the formula must he determined from the 
characteristics of the galvanometer employed. These character- 
istics are preferably found by chaiging a condenser of known 
capacity with a standard cell and then discharging this tlirough 
the instrument, as before described. I is measured by an 
ordinary direct current ammeter. A, inserted in the primary 
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circuit as shown, and the value of the current Is adjusted at will 
with the aid of the resistance I). R in the formula is the resists 
ance of the whole secondary circuit, including the galvanometer 
and adjustable resistance r, and may be measured by any of the 
conventional methods already described. 

The ammeter, A, for measuring the current in the primary 
circuit ^onld be of low range ; in fact, if the current values 




employed are reckoned m milliamperes the results will be in 
miliihenrys, which is the unit usuaUy employed. 



MAXWELL a METHOD, 

This involves the use of a standard of mutual inductance, and 
the test is made as shown in Fig. 203, in which R and Ji^ are 
adjustable resistances and M the standard pair of coils. The 
values of the resistances are varied until the galvanometer 
shows no deflection when the battery circuit is rapidly made and 
broken, at which time the ratio M: M^: -.S: B^ holds good. 

In making this test great care must be taken to separate the 
standard and unknown inductances by a distance sufficient to 
prevent any possibility of mutual iuterfeience by their own 
mutually inductive actions. 

CABEY-FOSTER METHOD. 

If a pair of coils whose mutual inductance is to be determined, 
a pair of adjustable resistances, a galvanometer, an adjustable 
condenser, a battery, and a key are interconnected as shows in 



■do/Google 



256 ELECTRIC AND MAGNETIC MEASUREMENTS. 

Fig. 204, we have anotlier method of measuring mutual induo- 
tance. The ratio of JJ to ^j and the value of the capacity, C, 
must be adjusted until there is no galvanometer deflection 
whether the batteiy circuit is held closed or wheUier it ia being 



—^C^rtidiirUtA, 




tapidly made and broken. When this condition is attained, tiie 
mutual induction may be calculated from the formula M = O Er, 
iriiere r is the lesistance of if, plus that of e. (See Phil. Mag. 
Vol XXni, p. 121.) 
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CHAPTER XL 

MISCELLAnSOVS DBTESKIHATIOHS. 

WAVE FOBH8. 

The detertBin&tioii of the corres depicting the rate of varia- 
tion in strength and direction of the E.M.F. and current fiom 
an alternating source is often of considerable importance, par- 
ticularly as affecting the design of auxiliary appliances. Such 
curves are not obtainable from apparatus ordinarily forming part 
of an engineer's equipment, but may be derived in the following 
ways: 

Coniact Methodt. 

One method of obtaining the E.M.F. curve of a given alter- 
nating current dynamo is to rigidly attach a disk of insulating 
material, as diagrammatically shown in Fig. 205, to the armatore 
shaft, 80 that it rotates at the same speed and maintains a fixed 

FI0.9D6. 

position relative to the armature windings. On the periphery 
of this disk there is located a metal block connected to the 
windings, and a brush arranged to bear on the disk makes con- 
tact with the block once in every revolution of the armature. 
If the brush is held fixed, the difference of potential between it 
and the other terminal of the armature winding is, at the instant 
of contact, that generated by the coil when it is in the position 
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relative to tiie pole pieces corresponding to the brush position. 
Afl tiiiB potential is applied to the brush several times per sec- 
ond with machines of the usual commercial frequencies, and 
always in the same direction, its value may be read off from the 
indications of an ordinary direct current voltmeter connected 
between the brushes a and b, in Fig. 205. By rotating the 
contact brush to different angular positions around the armature 
shaft, the E.M.F. 
values may there- 
fore be determined 
for any position of 
the armature con- 
ductors and the 
values thus obtained 
plotted so as to give 
the curve required. 
A convenient de- 
vice for making con- 
tact at various angu- 
lar positions of the 
armature is the Fes- 
aenden portable con- 
tact maker, shown 
in Fig. 206. This 
consists of a hard 
rubber disk provided 
vi^ a pointed 
spindle which is 
pressed against the 
Pj^ jp^ end of til armature 

shaft like an ordi- 
nary tachometer. The handle shown is secured to tiie frame 
oartying the brushes and terminals, and the angle at which con- 
tact is being made is read off from the position of the scale 
relative to tlie pointer-like end of the rod carrying the heavy 
steadying bob. 

In order that the indications of a voltmeter used with a de- 
vice like the foregoing may be rigorously correct, it is necessary 
that the same be of a type which does not draw current 
from the circuit, a fact which at once suggests the use of a 
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poteDtiometer method, that is to say, balancing the unknown 
potential against an opposing known one. 

To do tibia with a regular potentiometer, a contact maker, and 
the necessary accessories, and to plot the observed readings on 
section paper, is, however, a tedious procedure ; in fact, it may 
require some hours if the current being investigated is not of a 
smooth wave form. The following instrument was devised for 
the purpose of minimizing this objection- 

Jtosa Curve Trae.er. 

The plan employed in the Rosa curve tracer is shown in Fig. 
207, the apparatus being in this case connected up to record a 
current curve. AS is a non-inductive resistance of known value 




connected in series in the line under test, GM is a contact 
maker, MN is a resistance wire wound on and supported by an 
insulating cylinder, jP is a contact brush sliding over HM, and 
§ is a permanent connection to B, the galvanometer (? being 
inserted in that circuit Current is supplied by a battery B 
having a potential that is indicated by the voltmeter Vm. The 
frame carrying the sliding contact P, by means of which contact 
may be made at any portion of the wire resistance forming the 
coil MN, carries also the point F, which makes the record. B 
is a drum to which the record chart is secured. 
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With any given load on the circuit under test, the contact P 
maj be placed at some point on the wire MJfv/hem the galva- 
nomieter G will show no deflection. At this time the difference 
of potential between P and Q is evidently the same as that be- 
tween A and B, and is therefore the instantaneous value of the 
impressed current with the position of the contact brush that at 
the time of making the reading. If the brush angle is now 
changed, P must be moved in order to bring the galvanometer 



to zero once more, and this operation must be repeated for each 
angular position of the brush. For that portion of the current 
curve in which the current is flowing in a reversed direction 
through AB, P must be placed on the other side of Q from that 
shown in order to obtain a balance. The pointer F does not 
bear continuously on the chart, but is struck against it by means 
of a bar, and thus makes a dot for each reading. When the 
lever that operates the bar is being returned to its first position, 
it works a ratchet that rotates the paper drum the proper distance 
ahead, and at the same time closes a circuit that energizes an 
electromagnet forming part of the contact maker, which in that 
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way has ita contact brush advanced a oorreapondiag amount, 
leaving everything ready for tiie nest reading. The operation 
is therefore induced to the simple act of moving the contact 
along until the galvanometer shows no deflection, raising and 
lowering a lever, and repeating. It is claimed that twenty 
points a minute can be printed by an experienced op- 
erator. 

The curve tracer is shown in Fig. 208. The crank at the 
right is tamed to cause the contact P to travel along its wire, 



and the lever at the left is the one used for printing, etc. 
l^e contact maker is shown in Fig. 209. 

Instead of using a potentiometer method, the instantaneoua 
values of a fluctuating current at various points on the curve 
may be satisfactorily determined with the aid of a contact maker, 
a condenser, and a galvanometer. 

Referring to Fig. 210, the E.M-F. at the instant of contact is 
used to charge the condenser C of known capacity. Subse- 
quently the key iVis depressed, and the deflection of the gal- 
vanometer O- noted. The throw of the galvanometer is of 
cooise proportional to the condenser charge, and the latter to 
the charging E.M.F., so that the throws are proportional to the 
instantaneous potentials at the different positions of the contact 
brush. 

The Blondel contactor shown in Fig. 211 simplifies making 
this test An inspection of the figure will show that if the disk 
D rotates in synchronism with the source of supply, contact is 
first made so that the condenser is charged by the E.M.F. at 
the point of rotation of the armature determined by the setting 
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of the brush, and that the condenser is immediately afterward 
discbaiged thxuugh tlie galvanometer. The impulses thus sent 




follow one another with such rapidity that the galvanometer 
deflection becomes a steady one, and there is therefore nothing 




to do but set the contact maker at different angles, and obaerre 
the deflections due to each in order to obtain the relative values 
of the ordinates at different points on the curve. 
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Duddelt OaciUoffraph, 

This instnmient, illustrated by Fig. 212, is one in -which one 
or more strips of conducting material traversed by the currents 
whose wave forms are to be determined are placed in an ex- 
tremely powerful magnetic field. The latter is furnished l^ 
a circular electromagnet 
having its poles shaped 
BO as to give a very nar- 
row and intense field, 
and energized by several 
separate sets of coils, in 
order that by intercon- 
necting them in different 
ways the necessary ex- 
citing current may be 
obtained from circuits of 
different E.M.F.'s. In 
the apparatus illustrated 
there are three mirrors 
similar to those used in 
ordinary galvanometers, 
but smaller and lighter. 
One is stationary and 
furnishes a reference line. 
Each of the other two is 
attached to a pair of 
metal strips electrically 
connected at their lower 
extremities, and held in 
tension by the adiust- 
able spnng arrangement 

shown projecting above the rest of the instrument The path 
of the current is up one and down the other strip of a pair in 
each case. Owing to the tension of the strips the time required 
for a complete oscillation of a mirror is exceedingly small, 
namely, about .0001 second. When current is sent through 
either of the pair of strips, the reaction between that current 
and the field causes the attached mirror to deflect an amount 
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proportdonal to the cunent strei^th, and because the period of 
vibration iB so small, tlie mirror position may contiDuously vaiy 
'with a changing current streugth, and follow it exactly. If the 
beam of light from the mirror were simply projected on a trans- 
lucent scale plate, the visible result would be merely a straight 
luminous band on the plate. When, however, the light beam is 
first thrown on a mirror that m oscillated by a cam synchron- 
ously driven, and whose axis is at right angles to that of the 
oscillograph, the ray traces on the surface to which it is re- 
flected, a curve which is, of course, the current curve. Owing 
to the rapidity with which the successive values in each curve 
are repeated and follow one another, persistence of vision 
causes the observer to see on the screen a curve which is the 
current curve. As the fixed mirror shows a straight line under 
the same conditions, we have all the information that is necessary 
in order to be able to observe the character of any current 
Where records of this are to be kept, it is a simple matter to 
substitute a photographic plate for the screen. 

The object in having two sets of strips each with its attached 
mirror is to enable one instrument to show on a scale or record 
on photc^raphic paper, simultaneously, the varying values of 
both the potential and current curves of any circuit. This form 
is called the " Double Osoillt^raph." 



SotehUsa OaeiUoffraph. 

In this instrument the stationary magnetic field is furnished 
by a powerful laminated permanent magnet, and instead of 
having movable strips tbrough which the current flows, station- 
ary coils are provided inside of which again there are located 
minute soft iron needles suspended by quartz fibers. It is plain 
that this instrument is merely a special form of Thompson gal- 
vanometer, just as the Duddell oscillf^raph is merely a special 
form of d'Arsonval galvanometer. 

The dimensions of the movable iron needles in the Hotchkiss 
device are so small that the period of oscillation of the systems 
formed of these and their respective mirrors is about the same 
as the moving system of the Duddell device, that is, .0001 
seoond. 
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One of the double oscillographs of this pattern is shown in 
plan and elevation by Fig. 213, the two moving systems being, 
as shown, in two independent magnetic fields instead of one 
common one. The rectilinear deflections of the mirrors are 
translated into curves showing the current strength variations, 
by using a synchronous motor driven mirror, as in the Duddell 
osciUc^raph. 

PEEQUENCT METERS. 

BoHmann and Braun Freq\i^ncy Meters. 

If an electromagnet be excited by an alternating current, 
and a tuning fork is presented to one pole of this magnet, the 




Bucoessive attractions will set the tuning fork in vibration if the 
period of the fork is the same as that of the alternations, but 
the fork will not respond if this sympathy does not exist. The 
Hartmann and Braun frequency meter takes advantage of this 
fact. Referring to Fig. 214, showing a switchboard pattern of 
such a device, the hvelve white rectangular patches appearing in 
the two openings cut in the dial plate are the ends of steel strips 
or reeds bent over at right angles to the length of the strips 
proper and painted white to make them more conspicuous. 
Opposite each reed there will be noticed a numeral, 100.6, 101, 
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101.5, etc., these being their respective vibration rates in alter- 
nations per second. Between the two rows of reeds is a lami- 
nated core electromagnet (not visible in the iUuBtration) through 
whose windings is passed the alternating current whose fre- 
quency is to be measured. Evidently now if, as shown by the 
cut, the end of reed 98.5 vibrates over its full ampUtude, the 
ninety-eight and ninety-nine reeds at the same time vibrating 
slightly, the current impulses follow one another at intervals 
corresponding to the vibration period of reed 98.5, that is to say 
its frequency is 98.5 alternations per second. 

Instead of visually noting which of a series of reeds of differ- 
ent periods is vibrating over a maximum amplitude, the acoous- 



tic properties of such strips may be utilized, provided that their 
rate is one giving a note that is audible to the human ear, 
namely between fifty and one hundred and fifty vibrations per 
second. 

A Hartmann and Braun instrument of this kind, with its outer 
casing removed to show the arrangement of the mechanism, is 
illustrated in Fig. 216. The various reeds, in this case of peri- 
ods from 79 to 110 inclusive, are arranged on a circular frame- 
work which may be rotated by means of the central handle so 
as to successively present them to the magnet system. 

This system is composed of two mf^nets which when brought 
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tc^ther by lueans of tiie bandies sbovn act as one. Tbe 
double m^net arrangement is conTenient in tbat, after the fie- 
quencj of the circuit under test has been determined by rotating 
the central button until a note of maximum volume is heanl, 
tbe magnets may be separated and the otherwise continuous 
sornd which might be annoying, stopped. 

They still perfonn a useful service, however, as if the fre- 
quency of the circuit should either increase or decrease, one or 
^e other of tbe mi^ets would set ite corresponding reed in 
vibration and the note then heard serves as a warning of the 
change. 

In both the visual and acoustic types of meters the range of 



measurement may be doubled, or rather each reed may be made 
to respond to a frequency double that of ite normal one by add- 
ing either a few turns of direct current exciting winding or by 
inserting a permanent magnet to polarize the reeds. 

This follows, as a non-polarized strip is evidently attracted by 
each current impulse irrespective of direction of the alternating 
current flow, whereas if a strip be polarized magnetically the 
current flow in one direction attracts and that in the reverse 
direction repels it, and tbere is hence required double the original 
frequency to give the same niunber of attractive efforts. 
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The acQaracy of these inatrumeote is extremely good, and 
their simplicity and the absence of what in the accepted sense 
of the term are moving parts commends them for general ser- 
vice. 

Schmidt Frequency Meter. 

Anodier acoustic device for measuring the frequency of 
alternating currents is that due to K. E. F. Schmidt. 

In it the current under investdgation is passed through a 
telefdtone receiver and the diaphn^m of that receiver placed 
before the open end of a tube about one inch distant there- 
from. The tube is about one inch in diameter and two or 
three feet loi^, and has within it a piston which may be moved 
backward and forward by means of a handle so as to vary the 
effective tube leogth. The vibratioDS of the receiver diaphragm 
tend to set the air imprisoned in the tube into vibration also, 
and if the piston is moved in and out, a position can be found 
where the tone emitted by the tube is of amaximum volume. The 
vibration periods of the diaphragm and the air column are then 
alike, and hence the frequency may be read off directly from a 
scale properly marked on the piston rod. 

Manzetti Frequency Meter. 
In this instrument there is a moving system which consists of 
a copper disk mounted r^dly on the same axis with a parallel- 
epiped of laminated iron. This element is either pivoted or 
carried by a quartz fiber, and the copper and iron used therein 
are acted upon by separata sets of coils. The two sets of coils 
are connected across the circuit with a resistance in series with 
each pair. When current flows, the turning effort exerted on 
the iron is independent of the frequency, while in the copper 
disk it is a function of the frequency. If, therefore, the two 
sets of coils are adjusted so that at the standard frequency the 
torques exerted by them are equal and opposite, there will, of 
course, be no deflection, but if the frequency changes, a deflec- 
tion will be produced because of the different torque then 
exerted by the copper disk. This torque can be measured 
cither on the dynamometer principle mentioned on page 165, or 
may be used to urge a needle over an appropriate scale against 
a constantly increasing spring pressure. In the latter event the 
scale may be calibrated so aa to indicate frequencies directly. 
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Wettw^houte Frequency Indicator. 

This iustnunent is illustrated in Fig. 216, and consists of two 
voltmeter movementB so connected together mecbanicallj that 
tJiey tend to move the pointer in oj^osite directions. In series 
with one of the movements there is a non-inductive resistance, 
and in series with the other, a resistance that is highly inductive. 
If the frequency changes, tiie torque exerted by the two wind- 
ings will therefore become unbalanced, that of the inductive 
winding being relatively decreased, and if , as is the case, tlie 
construction of the apparatus is such that when the needle 
swings in either direction, the 
torque of the member tending to 
swing it in opposite direction 
is increased, it will evidentiy 
move untdl the two forces are 
again balanced. The scale is 
empirically graduated by passing 
currents of known frequency 
through the device and marking 
on the scale tbe different posi- 
tions assumed by t^e needle. 
The indications of these instru- 
ments are influenced by wave ^^^ ^^^ 
form as well as frequency, and 

they are hence correct only on the wave form for which .tfu^ 
are adjosted. 

PHASE INDIOATOBS. 
Two alternating currents of like frequency are said to differ 
in phase when they do not simultaneously attain their reapeo- 
tive maximum positive, maximum negative, and zero values. 
The difference in phase is usually expressed in terms of the 
cosine of the angle (fi between the two radii passing through 
the corresponding zero values, when the circumference of a 
circle whose perimeter is one wave length ia used aa the refer* 
ence line. This expression for phase difference is rigorously 
correct only when the currents are sinusoidal, and not, as ia 
frequently the case in practice, when they are of different wave 
forms. 
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Asauming sine waves, we would have in an alternating 
current circuit in which there is a difference in fhaae between 
the potential and current curveB, the expression P = E I cos ^ 
in which E and / are the effective potential and current as 
measured by a voltmeter and ammeter of the static, hot wire, or 
electiomf^etic type before descnbed, and P is the power. 

Phase metois are instruments for indicating the value of tlie 
angle 0. 

VoUmeter, Ammeter, and Wattmeter Method. 

If the difference in phase between the current and potential 
curves in an alternating current circuit is desired, one way to 
determine it ia to use a wattmeter, and in addition to insert a 
voltmeter and an ammeter in the line. If all three readings are 
observed simultaneously, the cosine of the angle of lag may be 
calculated from the formula P = E I ooa<^ mentioned above, 
all of the factors with the exception of cos being known 
from the observation. 

OsciUcgraph Method. 

The double oscillographs described on page 264 may be nsed 
to determine the difference in phase between two alternating 
currents, by passing one through one of the movable elements 
of this apparatus and the other through the other. If the 
resultant f^ures are thrown on a translucent plate or are photo- 
graphed, two curves will appear tc^ther with the zero or 
reference line made by the fixed mirror, and the difference in 
phase can be scaled off therefrom. Oscillographs are but seldom 
available, however, so that this method is in very restricted 



Dobrowoltky Phase Indicator. 

This is an instrument in which a point«r sweeping Over 
a graduated scale shows directly the difference in phase between 
two currents. Referring to Fig. 217, the movable element to 
which the pointer is attached i^ a disk of soft iron [uvoted at its 
center and having its motion opposed by a volute spring. If 
the current through the two sets of vrindings shown as sur- 
rounding the disk at right angles to one another are in phase, 
no force will be exerted to rotate the disk. If, however, a 
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phase difference exists, there is set up a rotaty magnetic field, 

which in turn exerts s torque on the disk and tends to turn it. 

I£ the changes in strength of one current lag behind those of 

the other, the torque will be in 

one direction, and if vice vena 

the needle will be oppositely 

lotated. The instrument, after 

being calibrated with known 

phase differences, will therefore 

indicate not only the difference 

in phase, but which current is 

leading and which is lagging. 

If the instrument is being 
used on a circuit in which both 
the frequency and the effective 
potential are constant, the scale 
graduation may be made to show 
either the effective amperage or 

the wattless current — that is, the component of the total cur- 
rent that is not effective in doing work — flowing through it. 
An instrument so graduated is frequently conveiiient for use in 
central stations. 

Hartuwinn and Brawn Phate Indicator. 

This instruCaent is somewhat similar to an indicating watt- 
meter, having a stationary coil through which the whole current 
to be measured is passed. The movable element, however, 
instead of consisting of but one fine wire coil, consists of two 
such mounted with their planes at right angles, and supported 
above and below by pivots. 

Current is led into and out of these windings through flexible 
silver strips so fine that no appreciable force prevents the needle 
attached to the coil pair from assuming any position within the 
limit of its travel. One of the instruments is shown in Fig. 
218. In series with one of the two movable coils there is placed 
a non-inductive resistance, and the other coil has in series with 
it a highly inductive resistance, as is indicated by the two spools 
mounted on the transformer-like core. The non-inductive resis- 
tance and its spool are connected in parallel with the inductive 
resistAnce and its spool, a non-inductive resistance being placed 
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in series with the pair to cut down the applied potential. Owing 
to the presence of an inductance in one coil circuit and the fact 
that there is none in die other, the curranta in the two differ in 
phase by ninety degrees. These displaced currents set up a 
rotary field, which in turn is located within the influence of 
the field due to the current through the stationary winding. 
When, therefore, the current through the series coil differs 
in phase from that flowing through the potential coils hy a 
given amount, the potential coils will assume one fixed position 
where the rotative effort is zero. When the phase difference 
between two currenta changes, however, the angle of the double 



coil movable element relative to the fixed one must change also. 
The scale over which the needle of this instrument swings may 
therefore be graduated empirically to indicate phase difference. 
It should be noted that while this form of device is inde- 
pendent of the amount of current flowing and of the E.M.F. 
applied, it is dependent on the frequency and must be specially 
calibrated for each frequency, if correct results are to. be had. 

BTNCHRONISM INDICATOBS. 
In order that two sources of alternating current may be con- 
nected in parallel so as to jointly supply current to any given 
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circuit, it is not only desirable but in. many inetances absolutely 
necessary, t^t some devioe be employed which will indicate 
when the current furnished by the source about to be added is 
in synchroniBm with the one already delivering current, in order 
that it may be connected at that time. If it were coupled in 
when the currents are out of phase, an interehange of current 
between the sources would ensue, which current may be so large 
as to cause disastrous results. 

Lamp Synchraimera. 

The simplest form of apparatus for indicating synchronism 
between two sources of alternating current is shown in Fig. 
219. Here G- and Q" are the sourcea, T and Z" transformers 
enei;gized by tiiem, and L and 1/ incandescent lamps. It will 




%■ 



be seen that the secondary windings of the transfonners are 
connected in series. If, now, the currents from ff and Q' are 
in phase, the current impulses of the transformer secondaries 
evidently increase in value simultaneously, and if they are oppo- 
site in direction, no current will flow through the lamps and 
these will remain dark. Should there be a difference of phase, 
some current will flow in the lamp circuit, and this will be a 
maximum when the phases are 180 d^rees apart; that is to 
say, when the currents of the two secondaries are assisting each 
other. Hence, if (7 is a machine already running and Q" is one 
to be thrown in, the lampe will be illuminated and extinguished 
in rapid succession when (T' is flrst started, and these successive 
periods of light and darkness will succeed each other with 
decreasing frequency as the speed of rotation of Q' rises until its 
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speed is exactly that of (? and the current delivered therel^ in 
|Aiase therewith, at which time the lamps will remain dark. 
The operation of couneotionfl in parallel may then he accom- 
plished hy closing an appropriate switch. By reversing the 
connections of the secondary of either one of the two trans- 
formers, die lamps will be boming at full brilliancy when syn- 
chronism is attained, instead of being extinguished at that 

The first method is, however, preferable, as after watching 
lamps during the time at which ^'s speed is being raised to its 
desired value the eye becomes fatigued, and It is more difficult 
to determine the instant of maximum brilliaQcy than that of 
c<mipiete darkness. 

Voltmeter Method. 
If in the above plan an alternating current voltmeter is sub- 
stituted for the two lamps its indications can be used to show 
the attainment of synchronism with greater accuracy than is 
pcHsible with the lamps. As alternating-current voltmeters are 
of less sensibility near zero than in the working range of the 
scale, or in other words, as the deflection per unit of potential 
difference is less near zero than up the scale, it is advisable to 
use the second scheme of connections mentioned ; that is, the 
one in which the transformer secondaries are connected, so that 
their E.M.P.'s assist each other when synchronism is attained. 
In using a voltmeter its indications are merely observed until 
the needle is practically at rest at a maximum indication, 
whereupon the incoming machine is coupled in as before. 

The Mailer SyncJironttm Indieator. 

For commercial purposes it is desirable that the synchronizing 
apparatus shall show not only when synchronism between the 
incoming generator and the one or ones already supplying cur^ 
rent is reached, but that it should show whether the incoming 
machine has too high or too low a frequency, that is, whether it 
is running too fast or too slow, as this enables the attendant to 
regulate the speed accordingly. 

An instrument fulfilling these requirements is shown in Fig. 
220. As illustrated, it is arranged for use on a three-phase cir- 
cuit An outer ring of laminated iron is wound about wilh wire 
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and haa leads tapped into itB convolutions at three equidistant 
pointa. These three terminals are attached to the hus-bars. 
Within thin ring there is a similar one provided with a shaft on 
which it rotates and having three collector rings so that electri- 
cal contact may be made through brushes to three leads tapped 
into its winding at equidistant points, as in the case of the 
stationary ring. The brush terminals are connected to those of 
the incoming machine. The rotating element carries a target 
or pointer, so that its movement may readily be discerned. The 
electrical connections are made such that the rotary magnetic 
fields set up by each of the rings rotate in tiie same direction. 
When, dierefore, the frequency of the potentials supplied to the 



two windings is the same, the fields rotate in the same directioii 
with the same velocity and no turning efFort is exerted on the 
inner member. When the two are not in phase, however, tui-n- 
ing effort exists, and this will rotate the tai^et in one direction 
if the frequency in the inner ring is greater than that in the 
outer, and vice versa if it is less. A stationary tai^et secured 
to the outer ring is used as a reference mark, the two currents 
being of the same frequency and also in phase when the rotating 
disk masks it It should be noted that the movable disk will 
always remain stationary when the frequencies are the same, 
but that its vertical position is assumed only when the currents 
are also in phase. At other times the angle between the fixed 
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and rotaiy tai^eto is a measure of the phase angle between the 
currents. 

JAncoln Synchronieer. 

In this instrument, illustrated in Fig. 221, the position of a 
pointer relative to a fixed mark on the dial over which it rotates 
shows the phase relations and difference in frequency between 
two alternating currents just as does the Miiller instrument just 
described. The principle of operation is, however, somewhat 
different. 

Referring to Fig. 222, if within the fixed coil F there is 
mounted on the freely movable shaft G a coil A, and an alter- 



nating current is passed through A and Fia series, A will rotate 
until it takes up the position shown parallel to the plane of F, 
If the connections between A and F are reversed, or, which 
amounts to the same thing, the two are fed by currants of like 
frequencies differing in phase by 180 degrees, A will rotate 180 
degrees. The force tending to carry the coil A into position is, 
under the conditions laid down, a maximum when A and F are 
parallel and it is zero when they are at right angles. 

An instrument with a single coil would thus have a " dead 
center" position, which would not be admissible. 
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If, however, a second coil B be added, rigidly secured at 
right angles to the coil^ and, by suitable means, the current in 
B is made to differ in phase from that in ^ by the same angle 
of 90 degrees, B will be in a position where it exerts a maximum 
torque when A is at its zero torque position. Hence, if there 
existed a difference in phase of 90 degrees between the currents in 
A and F, A would always come to rest at right angles to F, and 
if the currents in the two were in phase, A would turn until it 
was parallel to F. For intennediate phase differences, A would 
assume intermediate angles, and hence a pointer attached to A 
would show these differences on a dial 

In the actual instrument the coil F and the coils A and B 
are wound on laminated iron cores, forming a structure like a 
small motor. The difference of 90 degrees in phase between the 
currents in A and B is 
produced by putting a. 
highly inductive resist- 
ance in series with 
and a non-inductive re- 
sistance in series with the 
other. The currents 
whose phase and fre- 
quency relations are 
sought are, of course, led, the one through the windings of 
F and the other through the coils A and B with their respective 
resistances. 

As in the case of the Miiller instrument, the Lincoln synchro- 
nizer exerts a considerable torque, so that it is possible to use a 
robust construction with heavy bearings without introducing 
frictional errors. 

SPEED INDICATORS. 
Using a Magneto atid a Voltmeter. 

From the law of dynamo-electric machines the potential de- 
livered by a given armature rotating in a magnetic field of con- 
stant strength is directly proportional to the speed of rotation 
of the armature. In ottier words, if we take a small dynamo 
whose field is supplied by permanent magnets, the voltage at ita 
brushes varies directly with the speed and can be used as a 
measnie of that speed. Fig. 223 shows such a magneto adapted 
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to be belt <]riTen "hj the shaft whose speed is to be measured. 
The revolution indicator used with it is simply a voltmeter, 
usually of one of the commercial types described on page 193 
et seq, whose scale has been arbitrarily calibrated to show revo- 
lutions, by noting the position of the needle when the magneto 
is driven at various known speeds. 

This method of speed indication has the advantage that the 
indicating element may be placed at any reasonable distance 
from the shaft whose speed is being observed, and that the rate 
of rotation is .shown at each instant on a scale which mayb&ol 
considerable length so that close readings can be had. It is 
also possible to have two or more indicating stations with the 



one magneto, as this involves only the addition of another volt- 
meter. Direction of rotation can be shown also by using a per- 
manent miignet type voltmeter having the zero in the center of 
the scale, in which event the needle will deflect in one direction 
for a ^ven direction of rotation of the magneto, and in the other 
for the other. 

Eddy Curre^ Revolution Indicator. 
In Fig. 224 d ia a copper cylinder mounted on a shaft run- 
ning through its axis and driven by a belt from tlie shaft whose 
speed is to be measured. Pivoted co-axially within the cylinder 
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is a Boft iron needle, 71, », carrying an index I, that Bweepe over 
a graduated scale. The ejlinder is embraced by Hie polar ex- 
tremities of a permanent magnet 5", N. When the cylinder d 
is set in rotation, eddy currents are generated therein as it cut« 
the lines of force of the permanent magnet, and these currents 
react on the soft iron needle and tend to carry it along. The 
tendency of n, «, to rotate is opposed by the directive force ex- 
erted on it by the permanent m^net, Uie latter acting in this 
respect like the magnet in the Ayrton and Perry instrument 
mentioned on page 152. The scale is graduated empirically 
as in the case of the magneto and voltmeter combinatloo above 
named. 

Changes in strength of the field supplied by the permanent 




magnet affect the accuracy of the indicatdons but slightly, be- 
cause as this changes, the eddy currents in d changing likewise, 
the restraining force on the needle, n, >, changes also. Experi- 
ments show that the strength of the permanent m^net may 
decrease as much as twenty per cent without causing an error 
in indications greater than one per cent. 

Several modificationB of this form of speed indicator have 
been proposed. 



■do/GoogIc 



280 ELECTRIC AND MAGNETIC MEASUREMENTS. 

Scholhntmn Speed Indicator. 
In tins device a Bmall iaductor alternator is driven by &e 
sbaft whose speed of rotation is to be measured. The moving 
part is a simple structure of laminated iron and the stationary 
portion has two seta of windings wound on alternate poles. 
One of the sets is energized by any convenient source of direct 
current, such as a storage battery, and alternating currento are 
induced in the other by the rotating core. The current thus set 
up is carried through wires to the indicating instrument, which 
consisto of a small two-phase motor. In series with one of the 
windings of this motor there is placed an inductance so as to 
cause a phase displacement and give rise to a rotary field which 
in turn exerte a torque on the armature, the latter being an 
aluminum cylinder which is rotated ^^ainst the tension of a volute 
spring. A pointer carried by the cylinder moves over a prop- 
erly divided scale which shows the speed in revolutions directly. 
As the indications of the indicator are dependent on the fre- 
quency and not on the potential of the current supplied to it by 
the generator, it is not necessary to have the direct current 
source for energizing the latter of constant E.M.F. 

Stroboaeopic Methods. 

If an alternating current is used to energize a source of light, 
such as an arc lamp or an incandesceDt lamp with a thin fila- 
ment, the intensity of the illuminatioD is constantly varying as 
the strength of the current varies. This phenomenon is not 
ordinarily detected by the eye, because on commercial circuits 
the frequency with which the alternations succeed each other is 
greater than the eye can detect, whence, because of tlie persist- 
ence of vision, the resulting illumination appears uniform. 
These successive variations in illumination may, however, be 
used in measuring speed of rotation if the number of alternations 
of the supply circuit is known, A conspicuous mark, such as 
a streak of white paint, is made on the periphery of a pulley on 
the shaft whose speed is to be taken, and this mark will appear 
to remain stationary when illuminated by an are lamp fed by 
the current named if the number of alternations and revolutions 
are alike, as the illumination from the arc will be a maximum at 
the same angular position of the mark at each revolution. 
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Should the apparatus wboae speed is being measured be driven 
from a source that is not rotating in synchronism with the alter- 
nations, the times of equal illumination will occur at varying 
angular positions of the mark, and the latter will therefore seem 
to the eye to rotate at a rate that increases as the difference iu 
speed between the two sources increases. 

The source of illumination in stroboscopic methods of meas- 
uring speeds is often a spark from the secondary winding of 
an induction coil whose primary is excited at known intervals, 
usually through a contact made by a tuning-fork whose period 
has been determined. 



TBdNSFOBHBB TBSTINa. 

Transformers waste in themselves a certain amount of en- 
ergy, so that the ratio of the electrical input to Uie output is not 
unity. The losses are the sum of the following factors : in 
the primary winding, the I*R loss, this being the energy re- 
quired to overcome the resistance of the primary winding ; in 
the secondary winding, a corresponding PR loss ; the loss due 
to the hysteresb of the iron formli^ the magnetic cireuit ; and 
finally, the eddy current losses. 

The PJt losses in both primary and secondary windings are 
easy of measurement. Direct current of the normal full ampere 
capacity of each winding may, for instance, be passed and the 
drop across the winding terminals simultaneously observed by 
using a low-reading voltmeter. The product of these values is, 
of course, PR in each case. Another way is to measure the re- 
sistance of each winding by any of the suitable methods outlined 
in the chapter on resistance measurements, and to multiply these 
values by the squares of the strengths of the currents which 
they are to carry. 

The sum of the hysteresis and eddy current losses can be 
measured indirectly by measuring the input and output of the 
transformer by indicating wattmeters, when the difference be- 
tween the indications, less the sum of the PR losses in the 
primary and secondary windings, gives the result 

Another way is to pass full normal current through either the 
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primary or secondary windrng, the secondary (or pnmary as the 
case may be) circuit remaining open at the same time, and in- 
serting a wattmeter in the ener^zed circuit. The wattmeter 
reading gives the hysteresis and eddy current losses plus the 
primary (or secondary) PR loss. The latter is measured sep- 
aiately, as already explained, and then deducted from the result. 
To have this test an accurate one, it is necessary to employ a 
wattmeter which will give a laige scale deflection on a very low 
power factor, preferably one in which full scale is given wiUi 
not over ten per cent of the maximum volt-ampere capacity. 
The instrument must also give accurate readings on these low- 
power factors, a requirement which excludes all types in which 
the angle between the iixed and movable coils is a variable, and 
practically limits the choice to true dynamometers in which a 





torsion bead must be rotated manually to get a reading. The 
connections for the above test are given in Fig. 227, 

The method of testing above described is objectionable for 
very large transformers, as it calls for an amount of current suf- 
ficient to fully load the apparatus during the time that tiie test 
is in progress. Where it is not possible or advisable to make 
this heavy draught on the supply lines, Sumpner's method may 
be brought into play. 

To make this test, two identical transformers of the size lo 
be tested are required, and there is needed also a third trans- 
former with a capacity sufBcient to supply enough current to 
make up the sum of the losses of the two others, but '^ose 
efficiency is immaterial and need not be measured. Wattmeters 
and an ammeter all connected in circuit as shown in Big. 228 
are the instruments needed. The ammeter A* is not essential, 
and the same is the case with the voltmeter V, but these give 



■do/Google 



MISCELLANEOUS DETERMINATIONS. 



288 



data of interest. From the connections it vUl be noted that 
the transformers are so connected that each supplies the other 
with current, the small ti-ansformer receiving enough curreat 
from the mains to add to the large transformer circuit, current 
sufficient to overcome the losses in the transformers A and B. 
When the test is made, the regulating resistance M is varied 
until the ammeter A shows that fuU current is flowing through 
the secondary windings. The ammeter and voltmeter Iq the pri- 
maiy circuitB should simultaneously show that tiie volume and 
potential of the current flowing in these is the normal maximum. 
The wattmeters IT and W will then give the desired information, 
the indications of W giving the sum of the iron losses in the two 
transformeia, and W the copper losses of the two plus those in 
the leads and in the wattmeter ll^and ammeter A. 

Tranxformer InmUation Test. 

One of the important tests to which every transformer should 
be subjected before it is placed in circuit is that to determine 
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the insulation resistance of its windings. To have the results 
of any value, it is necessary that they be made with high ap- 
plied potentials, as it is found that the behavior of the insulating 
material is entirely different under high electrical stresses than 
under low ones. The best test is the rough and ready one of 
using a source having a potential at least double that of the 
highest voltf^e to which the device will be connected in use, 
and then with this potential testing to see whether a breakdown 
can be made through the primary insulation to the core, through 
the secondary insulation to the core, or from the primary to the 
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secondary winding. In an eleotoic-l^hting plant 'n^re bnt 
one potential is in use, the testing pot«ntial is easily obtained 
by connecting in series the fine wire windings of two or three 
transformers whose coarse wire windings are connected in par- 
allel to the low-tension mains. 

For general testing work a regular step-up transformer with 
a spark gauge is preferable. 

!Pr(mafor7neT Polarity. 
If two or more transformers are to be used, connected to- 
gether in aeries or parallel, it is uecessary to know the relative 
instantaneous directions of the current flow in each, in order 
that they may not oppose each other in the first case or short 
circuit through each other in the second. For making this 
polarity test the most elementary and in the majority of cases 
the most satisfactory method is, in the case where the devices 
are connected in series, to make this series connection at ran- 
dom, and then attach a voltmeter to the free terminals. If then 
the connections are arranged so that the potentials assist each 
other, the voltmeter will show double the voltage indicated by 
the secondary of a single similar transformer, while if Ihey are 
connected in opposition the voltage reading will be zero. 
Where the secondaries are to be connected in parallel this may 
also be done at random, fuses being inserted between them. If 
when the primary circuits are closed the fuses blow, the con- 
nections are such that the transformers are short circuited on 
each other. If they remain intact the coils are properly con- 
nected in parallel. In the latter test the capacity of the fuses 
should be from two to five per cent of the full load capacity of 
the transformer windings. It is necessary to allow a margin 
as transformers are never exactly alike, and there is always a 
small interchange of current even with windings properly 
paralleled. 

0-eneraL 

In all transformer tests it is advisable to place in series with 
the circuit through which the exciting current is passed, a fuse 
rated to blow at about 50 per cent greater current than the 
maximum full load current desired. This precaution is neces- 
sary, because when current was last passed through the trans- 
former it has, except in (he veiy rare instance in which it was 
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iDtemipted aa the current curve passed throi^h the zero value, 
been cut off when the iron core was magnetized in one or tlie 
other direction. If, when current is f^aln thrown on, the 
direction of the initial impulse ia such that the residual magnet- 
ism of the core tends to assist instead of oppose the initial rise 
in current strength in the transformer winding, the current value 
may rise to an amount so greatly in excess of the capacity of 
the measuring instruments that the needles of the latter will be 
bent or the movements otherwise damaged. The fuse protec- 
tion will generally save the instruments from this harm. 

TESTING INTBQEATINa MBTBBS. 

Integrating, or as they are erroneously but more commonly 
termed, " recording " inatrumenta, used to measure the amount 
of power supplied to a consumer, form a class of electrical 
measuring apparatus that for various reasons requires frequent 
checking to determine whether or not the accuracy is still 
within permissible limits. 

Te»t vrUh Indicating InttrumenU. 

A common method of testing an integrating meter consists in 
connecting in circuit with it an instrument of the indicating 
pattern and then putting on a steady load for a length of time 
measured accurately by a stop-watch. The int^frating inatru- 
ment is supposed to show on its dials the ampere hours (or 
watt hours, as the case may be), and if in calibration its indica- 
tions should of course correspond with the ampere (or watt) 
hour rate figured from the readings of the indicating apparatus 
and the watch. The meter dials are seldom sufficienUy sub- 
divided to allow of an accurate reading of its indication unless 
the test is extended over a period of hours. As in practically 
all of them, however, the motion of the moving element is 
reduced through a train of gears, it is possible to shorten the 
time of the test by observing the number of revolutions made by 
the rotating element if the gear reduction ratio is known. A 
paint mark on the rotating part makes it possible to count the 
revolutions accurately. 

Tests made with portable indicating meters have the great 
advantt^e that the integrating meter may thus be checked in 
place on the consumers' premises, the Icmd being adjusted by 
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Bwitching on the proper Dumber of Ismps. That the meter is 
erected at the point where it is to be when doing its oormal 
work is of importance for accuracy, as well as convenience, 
since all such devices are influenced to a considerable ext«nt 
by mechanical vibrations, and a meter which would show up as 
correct in a test made in a quiet laboratory might register wrongly 
when erected on the consumers' premises. Vibration causes 
the moving element to jump up and down on its favot, and tlie 
friction in this case is well known to be less than the friction 
existing where no vibration is present The error is, of course; 
in favor of the supply company in so far as the readings are apt 
to be, if anything, high, but on the other hand it is approaching 
too closely to the comic-paper gas-meter standard if the appara- 
tus is found to register current when none is being drawn by 
tile consumer. 

The test in place with indicating instruments, while allowing 
for some of the peculiar conditions in each installation, is not 
always feasible. For instance, in many cases the load on the 
meter is not steady at a given point for long intervals, but with 
motor loads, and particularly when these motors are driving 
elevators, is fluctuating violently at frequent and irregular 
intervals. To follow the ampere fluctuations with an ammeter 
or the watt fluctuations with an indicating wattmeter and simul- 
taneously assign the correct duration period to each by referring 
to a stop-watoh, is practically impossible. In this event if the 
current is contduuous it is advisable to resort to the following 



Teatinff with EUctrolytie Meter. 

The standard in this case becomes a voltammeter, usually of 
the copper pattern described on p^e 14. By comparing the am- 
pere hours as shown by the gain in weight of the cathode after 
being in circuit for any desired period with the ampere hours 
shown by the dial of the integrating instrument, the accuracy of 
the latter can be determined offhand. As an electrolytic meter 
shows the product of the true average current by the time that 
it has been in circuit, results of a high degree of accuracy may 
be obtained with a fair chemical balance and a very ordinary 
timepiece if the period over which the test extends is made 
reasonably long. 
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If the integratiug meter shows Tratt hours instead of ampere 
hotirs a voltmeter is needed Id addition to the voltammeter, and 
from its indicatiooB it is necessary to derive some mean volt 
value which will fairly represent ^e mean voltage during the 
test. The volt approximation may be made very closely, as its 
extreme fluctuatious are usually but a few per cent, so that the 
average can be ascertained to a fraction of a per cent. 

Still another method involves the use of a regulation motor 
type integrating meter as the standard, this one being con- 
nected in circuit with the one under test, so that Uie attached 
load is simultaneously measured by both. The readings of the 
two must obviously agree if the calibration of the tested one is 
correct The meter used as the standard is usually specially 
constructed so as to obtain maximum accuracy. The gear train 
and dials of the ordinary meter are omitted to reduce the fric- 
tional errois, and their place is taken by a pointer attached 
directly to the shaft of the rotating element so that its revolu- 
tion may be closely observed. The bearings are often made of 
diamond instead of sapphire, and particular care is observed in 
constructing the {uvots and adjusting the calibration. 

Such a standard must itself be checked from time to time by 
comparison with an indicating instrument and a stop-watch, but 
this may be attended to at the station, where the focilities for 
Buch work are better than on the consumers' premises. 
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CHAPTER XII. 
THE LOCAHOH OP FAULTS. 

In a great many oasoa electrical measuiements may be made 
to locate electrical faults, which mensuremente, while involving 
principles ih&t have been mentioned before in this volume, appear 
for one reason or another somewhat out of place in the chapter 
Betting forth their said principles. 

The author therefore resorts to the subterfuge of the present 
" miscellaneous " chapter to describe and discuss the more com- 
mon and useful of Uie methods which can be included in this 
convenient category. 

While it gives a by no means complete list of the numerous 
expedients employed in various of the more specialized methods 
o£ testing, it is thought that the descriptions taken in connec- 
tion with what has gone before will prove of assistance in figur- 
ing out ways and means of locating cases of electrical trouble 
that seem to be somewhat out of the usual run. 

One of the most common and often at the same time the most 
difficult electrical tests that has to be made is for the location 
of a fault in a conductor. Such faults may for our present 
purposes conveniently be divided into two classes, the first being 
grounds and short circuits, and the second complete breaks 
or open circuits. 

LOCATION OP CBOSSES AND OKOirNDS. 

If the fault in a grounded or crossed conductor were always ' 
of practically infinitely low resistance — that is to say, if it were 
a " dead " ground or short circuit — its location could easily be 
detected by measuring the resistance from the point of test and 
back again through the ground or through the other conductor 
affected, by any of the Wheatstone bridge methods described in 
the chapter on resistance measurements. Unfortunately, how- 
ever, it is seldom the case that this condition exists, and t«ste 
giving results that are independent of the resistance of the 
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Tetam circuits and at the point of trouble are therefore necessary. 
Another very frequent source of iaconrenience and error lies ia 
the fact that at the fault there may exist an E.M.F. due in some 
instances to the contact potential difference between the faulty 
conductor and that on which it is grounded, or more commonly, 
with ground return circuits such as telegraph lines, to foreign 
earth currents. 

In the majority of cases it is possible to obtain electrical access 
to both ends of the faulty conductor. If this is a cable coiled 
up in a tank we have the simplest case, as the two ends will, 
of course, be close together and may be carried direct to the 
measuring apparatus. Where the fault is on a line wire or 
cable it is almost invariably the case that another parallel con- 
ductor that is not faulty is available, and if this is connected to 
the faulty one at the distant station a loop is formed whose 
terminals are adjacent in the testing station. 

Tests which require that access be had to both terminaU of a 
conductor so formed are called " loop tests," the most prominent 
ones being the following : — 

The Murray Ltop Tent. 
Referring to Fig. 229, B, P, E is the looped conductor, B, 
P being the outgoing wire having a fault at /, and P, E the 
retnm wire joined to the former at the distant station P. This 
loop is used to form one side of a Wheatstone bridge, the two 
other arms of the bridge, b and d, being formed by adjustable 
resistances such as those in an ordinary post-office pattern test- 
ing set. The galvanometer Ct and battery S are attached as 
shown, suitable keys K^ and E7 being inserted in the respective 
circuits. Then, as is the case in the ordinaiy Wheatstone 
bridge, a resistance in the batt«iy circuit introduces no error in 
the result, requiring only increased battery power to get the 
same sensibility. This resistance in the Murray test is that 
offered by the earth between the batteiy terminals and the fault 
plus that of the fault itself. In making measurements, the 
resistances in b and d are first made equal and the galvanometer 
key K^ then closed, whereupon, if an earth current is present 
the galvanometer will deflect a certain amount, which should be 
noted. The ratio of the resistance & to d is then altered until 
an adjustment ia reached such that the galvanometer shows the 
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same deflection, whether K^ is alone depressed, or both E} and 
K^ are depressed. If the resistance of the circtut B, P, E, which 
we will call L, ia known, we then have from the law goveming 

the Wbeatstone bridiTe, x=-= 1. The resistance of B.P.E 

is measured by a Wheatstone bridge in tiie ordinary way. 

It is advisable to have the key S? of a special reversing type, 
so that when one of its buttons is depressed, current is sent 
through the circuit A, S, earth, F, in one direction, and when 
the other ia depressed, in the reverse direction. Tbis will 




GroujiA 

Via. Wi. 

sometimes give slightiy different results for the two conneotiona, 
in which event it is usually safe to assume that their mean ia 
the correct value. If the results differ widely, the contacts 
should be examined and cleaned, and the apparatus should be 
more carefully insulated from the ground. The test should tiien 
be repeated until concordant results are obtained. 
OhmmeUr Te»t. 
In the Murray loop, as in all other Wheatstone bridge tests, the 
position of the galvanometer and battery in the network 
of conductors may be interchanged without affecting the results. 
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"Hlo olimmeter mentioned on page 107 may be used for tiiis 
modification of the Murray test by making connections as shown 
in Fig. 280. As will be seen from this, the standard resistance 
coil fonning one arm of a Wheatstone bri<^ in the apparatus is 
cut out of use by withdrawing the connecting plug and allowing 
it to hang free. The middle post is connected to ground, and the 
ends of the looped line wire are attached to the two outer posts. 
•"Pie stylus is tapped along the wires fonning the ratio arms of 
the bridge, as in finding a resistance, until a point of silence is 
reached, which point is of course an image of the point of 
trouble on the line. The latter can then be located by reference 
to the equally divided scales that come with the apparatus, and 
which show the result in percentage of the total line length in- 
cluded between the two poets. 

The result so found is, however, correct only when there is 
no difference of potential between the grounded wire and Uie 
grounded post on the ohmmeter, as if such exists, due to eartii 
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currents or otherwise, the point of silence on the bridge wire is 
not the image of the fault, bat a false one corresponding to the 
false result that would be obtained if, in the Murray method . 
above, actual galvanometer zero were used instead of the false 
zero obtained on depressing the key K^ alone. The human ear 
is unable to identify, with even the roughest accuracy, the loud- 
ness of the click emitted by the telephone receiver, and there- 
fore if the ohmmeter is to be successfully used for such fault 
location work, it must be provided with a galvanometer which 
can be switched in place of the telej^one when making such 
readings, and the work done from a false zero, as in the ordinaiy 
Murray method. 

The VarUy Loop Test. 

In this, as in the Murray test, the two ends of the faol^ 

cable must be made accessible by forming a loop with it and a 
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good return conductor. The connectioiis are then to be made 
as shown in Fig. 231, from which it will be seen that while the 
bridge arms, the galvanometer, and the battery are arranged as 
in tbe Hurray test, a resistAuce, d, has been inserted between 
A and H. The arms a and 6, of constant value in this test, are 
usually made equal to one another, and d is adjustable and 
varied until the galvanometer shows the same deflection whether 
its key K^ alone is dosed or both it and K^ are down at tha 
bL-ad 



same time. Under these circumstances x == - 



b + a 



Inihe 




a assumed above, 
L-d 



.e., when ( = <z, this expression becomes 



In Older to have this test work at all it is necessary that the 
fault should be on the wire that is connected to the variable 
resistance d, because if it is not no balance can be obtained. 

In connection with the Murray and Varlgy loop tests de- 
scribed above, the distinction between earth currents and liiose 
due to £.M.F.'8 set up at the fault should be carefully borne 
in mind. Earth currents are possible only on lines a part of 
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Trhose circuit is fotmed through the earth, as is the case of most 
telegraph aad a few telephone installationB. Contact E.M.F.'b 
at the break are, on the other hand, present both in ground 
return lines and in metallic circuits. Ab will be noted by care- 
ful reference to Figs. 229 and 2S1, a defiection of the galva- 
nometer will be given when its key is closed and that of the 
battery circuit left open only when an earth current exists, and 
it is therefore correct to use the false zero as a balancing point 
only with grounded circuits. Where earth currents are absent, 
false zeros should not be used at all, and if there is a galva- 
nometer deflection when the galvanometer key is closed and the 
battery key left open, it shows simply that there is leakage from 
the instrument and battery itself to ground. If this state of 
affairs exists, the leakage should be stopped by carefully clean- 
ing all dirt and moisture from the insulating surfaces, and if 
necessary, by interposing additional resistances in the shape of 
porcelain insulators. 

With aU loop testa the accuracy is greatest with a high-resist- 
ance conductor. While telegraph and telephone lines Iiave 
enough resistance to enable faults to be located with a sufficient 
degree of accuracy, such is unfortunately not the case with the 
heavy wii-es used in electric light plants. The errors are so 
large aa to make the results perfectly useless, and recourse 
must therefore be had to other methods. 

Induction Method. 
This is one that, generally speaking, is possible with alter- 
nating-current circuits only. It consists in winding up of 
many turns of wire a coil that is made as large as possible con- 
sistent with portability, and is carried along by a couple of 
assistants over the faulty conductor with one of its flat sides 
parallel thereto. A telephone receiver is placed in the circuit 
of this " exploring coil," and as long as alternating current is 
flowing through the conductor, the current induced in the 
exploring winding will of course produce a loud humming noise 
in the receiver. Referring to Fig. 232, if the fault / is at £, 
the observer listening to the receiver when the exploring coil E 
is being carried along parallel to A, 0, vfiil hear a note until 
S has passed B . The terminal of the alternator supplying 
current to the good conductor must of course be grounded at 
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the generatdng station in order that cmreat may flow back 
through the ground at the fault. 

This test is beautifully simple, but unfortunately not always 
applicable, especially under the conditions where buried altera 
nating mains are most likely to be used, that is, in densely pop- 
ulated cities, as here numerous gas and other metallio pipes are 
usually present and the conductor may itself be inclosed in a 
lead sheathing, all of which so modifies the tone in the receiver 
that instead of there being an almost abrupt point of silence 
when the fault is reached, the noise simply decreases slightly, 
and it is veiy difficult to say just where this occurs. 

CompatB Tett. 

This simple and remarkably efHcieat test described by Mr. 
Stott in 1901 is available for the location of grounds not only 
in circuits which can be isolated while the measurement is be- 



Reixiver 

B 

^T 



Ground- 

ing made, but, in the case of alternating-current systems, where 
the conductor is in use as well. It consists in sending through 
the faulty wire, the fault on it and back through the ground 
to the testing station a direct current of the highest convenient 
value. The direction of this continuous cun-ent is reversed at 
known and approximately equal intervals of, say, ten seconds, 
by means of a commutator that is driven either manually or by 
a small motor. Referring to Fig. 233, if the lower of the two 
conductors is grounded as shown, and it a periodically reversed 
direct current is being passed through the conductor, the ground, 
and back to the test station by the aid of the reversing commu- 
tator indicated in the figure, the needle of a pocket compass 
O placed parallel to the faulty main, will be deflected to a 
position nearly at right angles to the wire in one direction 
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until the continuouB current is reversed, at which time it will 
juiup and take up a position removed nearly 180 degrees from 
the first one. If the wire under test is an underground conductor, 
the compass needle can be laid on its covering at each successive 
manhole until one is found where these periodical reversals of 
deflection no longer exist. The ground is then of course be- 
tween the last point where the deflections were given and thia 
one, and if the cable is tapped at the former, the point of trouble 
will usually be found there. In any event it has been located 
between two manholes, which is all that is usually required in 
practice, ae if it exists in the intervening conductor, the cable 
must be pulled out of the ducts anyway in order to effect its 
desired repair. 

The altemating current flowing through the main S does not 
affect the compass needle appreciably, as the rate at which the 
alternations take place is so much greater than the period of 
osciUatioa of the needle, that the latter either does not move at 

* - ■euaamtAeLtoi—t G^ 

I OrtmncL 

OrmenA 

rra .va. 

all or else simply trembles slightly, and has & motion which is 
negligible as compared with that due to the passage of the con> 
tinuous test current It is evidently impossible to make the 
same test with direct current in the mains A, B, as this causes 
a continued deflection of tiie needle in one direction, irrespective 
of any attempt to superimpose on it a reversed current. It is 
however possible in this case to substitute au exploring coil and 
telephone receiver for the compass needle and an alternating- 
current generator for the direct-current source with its reversing 
commutator It, but the current delivered by the d c machine 
must be sufficiently smooth to avoid producing a confusing noise 
in the telephone receiver. The current delivered by a Thomson- 
Houston arc machine is an example of one that pulsates suf- 
ficiently to make this exploring coil test out of the question. 
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Fall of Potential Methods. 

An elegant method of locating aground in a faulty conductor 
is diagrammatical ly illustrated in Fig. 234. In this the faulty 
conductor is the line B, D; A, B being a length of good con- 
ductor connected in series with and preferably located parallel 
to B, D. A source of current 8, usually a set of storage bat- 
teries, is used to cause a current to flow through the circuit, A, 
B,f, (?, ff as shown, and an ammeter C is inserted in that cir- 
cuit so that it may be determined that the current strength is 
kept absolutely constant. If now we know the resistance of A, 
B, and take the drop in potential measured by a galvanometer 
or milli voltmeter across A, B, and £, B, respectively, the 
resistance of the faulty cable from B to/ will be to the resist- 

crh 



?, c. 



iioMuAy^^^oMmiA*^ 



■"T 



ance of the good cable from AU> B,a» the deflection due to ihe 
potential drop between B, 2>, is to the deflection given when the 
instrument terminals are connected to A, D. In order that 
the resistance of the galvanometer leads may not introduce an 
error, it is necessary to use either a galvanometer whose resist- 
ance is extremely high as compared wit^ that of R and X in the 
figure, or else, which amounts to the same thing, to have it of 
such high sensibility that a lai^ resistance may be inserted in 
its circuit If a section of conductor running parallel to B, B, 
cannot be used as ^ a low resistance can of course be used in 
its place, but this plan is not as good, as the temperature of the 
stretch Jf is unknown, and if it differs greatly from theassumed 
70° Fahr., on which its resistance measurement is based, an error 
equal to that of the temperature coefficient of copper, that is, 
two tenths of a per cent per degree Fahr., will be introduced. 
As the resistance at the fault/ is often variable, it is most con- 
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venient to use two galvanometers connected to the points A, B, 
and B, D, respectively, both graduated in known fractions of a 

volt, and then , 

observe their de- ^ J 

Sections siniulta- ^^^^^^—~—~^^^^—^^—^—^— 

neously. If this 

cannot be done, 

a single instm- "*•■ *"■ 

ment and a switch for shifting the connections rapidly should 

be used, a careful watch being kept on the ammeter to be sure 

that the current has not changed, as on its having the same value 

during both readings depends the accuracy of the result. 

Location of Croggen. 

Crosses are simply the grounding of one conductor on another, 
and may be located in exactly the same way that grounds are 
located, as described above, if the wire with which the cross has 
been made is substituted for the earth circuit in the ground 
tests. The localization of crosses is usually a more simple test 
than with grounded circuits, as the question of earth currents is 
entirely eliminated, and E.M.F.'s at the point of contact are of 
less common occurrence. 

Location of Breakt. 

Where a conductor is actually broken, and the return cirouit 
from the break is therefore of a resistance that is practically in- 
finitely high, we are confronted with a new set of conditions. 

Whether the conductor is an aerial one or whether it is a cable 
buried in the earth or submerged in water, it may be considered 
as one coating of a condenser, the dielectric being the insulation 
from the point of test to the break, and the other coating being 
the earth or the surrounding water, as the case may be. The 
capacity- of the condenser ao formed may be measured by any of 
the methods of capacity measurement mentioned inChapterVIII, 
and if this capacity is compared with that of a neighboring good 
conductor whose length to the distant station B, Fig. 235, is 
known, the location of the fault/ is given directly by the ratio 
of the capacities. Where no apparatus capable of measuring 
capacity in microfarads is available the fault may still be lo- 
cated by simple comparison of the capacity of A, f with that of 
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the good conductor A, B. The already much described ohmmeter 
can be used for this test to advantage, the connectioiis \ma% as 
in Fig. 236. In this test it is uecesBary tiiat the potential ap- 
plied to the bridge wire terminals be an alternating one which 
may conveniently be obtained from the secondary of an induc- 




tion ooil. The point of silence on the bridge wire is then one 
which divides up the total bridge wire length into two sectiona 
which are to each other as the capacities of the broken and good 
conductor. 

This ohmmeter test can be used only under favorable condi- 




tions, as the resistance of the slide wire is but small, and while it is 
without capacity has a small self-induction due to the fact that 
the wire forms a loop. A device for the location of breaks that 
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dependB on a somewhat differeot principle and which is appli- 
cable to a greater variety of cases is the Meyers break finder 
illustrated diagrammatically in Fig. 237 and in perspective in Fig. 
238. In this the secondary of an induction coil wound as a 
long spool has its terminals attached to the ends of the faulty 
and good wires respectively, and a narrow primary coil winding 
is arranged to slide up and down along the secondary. 

Simple inspection of the figure will show that the primary may 



be moved to a position such t^t a telephone receiver connected 
across the secondary terminals will cease to emit a hum, and 
thatif an index attached to the primary moves over a scale, the 
scale may be divided so that the ratio of the capacity of the good 
to the broken conductor and hence the ratio of the lengtii of 
the good conductor to that of the faulty one np to the break 
will be shown directly. 

ARMATUBB TESTING. 

One of the most common testa that has to be made under 
commeroial conditions is the location of a fault in the armature 
of a generator or motor. The extent and nature of the discol- 
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oration of ihe commut&tor bars will sometimes give an indica- 
tion of the nature of the difficulty if the machine has been in 
operation, but the trouble may be more surely located by calling 
in the aid of measuring apparatus. 

Electrical faults in the windings of an armature consist either 
of a ground between the winding and the iron core, or of a wholly 
or partially sbort-ciicuited section, or of a section that is of high 
resistance or all-tc^etiier opened. 

Teitinff for Oroundt. 

The fact tiiat a ground exists in an armatare is easily deter- 
mined in a dozen different ways, one of the simplest being to 




pass current from an outside source through an incandescent 
lamp in series with which there is placed the suspected arma- 
ture, one wii'e being attached to the shaft and the other to tlie 
commutator bars. If the lamp lights, there is of bourse elec- 
trical contact between the windings and the shaft. If this or 
any other method shows that a ground exists, it may be located 
aa follows: Referring to Fig. 289, current ia passed from the 
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shaft througti tiie groimd and back to the commutator by means 
of conductors attached to one brush and to the shaft lespeo- 
tively. The current may be taken from a eonvement electric- 
light main, an incandescent lamp being interposed to prevent an 
excessive flow. A galvanometer, which in central stations may 
conveniently be a switchboard ammeter of the shunt type with 
its shunt disconnected, is then attached so that one terminal is 
on the shaft and the other free to be moved around the commu- 
tator. If the ground is at that point of the winding designat«d 
by the cross in the figure, the deflection of the galvanometer will 
be a minimum when its termioals rest on the commutator bar 
to which that lead is attached. If the ground were midway be- 
tween the terminals attached to two adjacent commutator bars, 
the deflection at these two bars would be alike and both would 
be less than that given at any other point on the commutator. 
All that is usually desired is to know which coil the ground is 
in, but this feature enables one to tell approximately at what 
point on the length of the coil the ground is located as well by 
observing the magnitude of the deflection given when the gal- 
vanometer terminal is on the two adjoining commutator bars. 

Ijocation of Orotset. 

Current is passed through the armature under test throi]^ 
two of its sets of brushes, these two being usually selected so as 
to be diametrically opposite. The current is taken from another 
main, as in the preceding test. Terminals from a galvanometer, 
which may likewise be a shunt type ammeter without its shunt, 
are then placed on adjacent commutator bars, as shown in Fig. 
240, and the deflection noted. This operation is repeated around 
the whole circumference of the conmiutator, bar by bar, and the 
deflections will all be alike (if the strength of the current flow- 
ing through the armature is kept constant), until the bars to 
which the ends of the defective coil are attached are reached, 
whereupon the deflection will naturally be less as the current, 
instead of being obliged to flow through the full length of the 
coil, then shunts part of it through the short circuit. This is 
usually called the " bar to bar test" 

In making the atove test, it must be borne in mind that any 
decrease in the strength of the current through the armature 
means a decrease in drop between adjacent bars. When testing 
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on a fairly steady circuit, it is usually sufficient to place an am- 
meter in tiie supply line and see that the current does not change 
too greatly. 

When the current is taken from a source like a street railway 
line, however, where the E.M.F. is constantly varying over a 
wide range, it is better to use either two separate millivoltme- 
tets or a combination one like that mentioned on page 129. By 
using a separate armature coil known to be perfect, or even a 
length of the wire leads to the armature of equivalent resist- 
ance, as a shunt to one instrument, the other instrument will 
give the same reading when its terminals are touched to the 
adjacent segments of a good coil and a lesser one for a short- 




circuited coil. The deflections may vary at different times, but 
as long as they are alike the coil under test is known to be good. 

Location of Open Circuitt. 

For locating open-circuited coils connections are made ei- 
. actly as shown in Fig. 240, but the strength of the current passed 
through the armature is decrease^ or the galvanometer sensibil- 
ity made less by inserting a resistance in series with it or a shunt 
across its terminals. No defiection will be given as the galvar 
nometer terminals are carried from each adjacent commutator bar 
pair to the next until those two are reached between which the 
open circuit exists. At this point there will be an electromotive 
foree equal to the total drop between the two brushes, and the 
galvanometer needle will be violently deflected. 
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Location of Reverted OoiU. 
A ooil whose connection to Uie commutator bars is the leTerse 
of the proper one is a rare occurrence, but it sometimea happens 
that in windii^ an armature this mistake is made. If the arma- 
ture is tested by the bar to bar method above described, a re- 
versed coil is detected at once when the galvanometer terminals 
are applied, as the needle will swing in a direction opposite to 
that which it took with all the other and properly connected 
coils. 

Coil Reaiatances. 

If the strength of the current that ia being passed throagh an 
armature is known by inserting an ammeter in that oircuit, and 
if the galvanometer is calibrated in milUvolts, tha bar to bar 
test will give the actual coil resistance in ohms by simple cal- 
culation, using Ohm's law. In making such calculations the 
armature connections must be borne in mind, as the current 
through a good armature flows always through two and often 
through more branches of equal resistance connected in parallel, 
BO that the current shown by the ammeter must be accoidingly 
recktmed per coiL 
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The phrase "iQCordingin8txumentB"i8 often used to designate 
aa integrating instrument whose indications show the product of 
the average current or wattt^ by time, but the term is incorrect 
in this sense, as it actually has reference to an instrument in 
which some marking device inscribes on a record chart a line 
showing the instantaneous values of volt^e, potential, current, 
or power, at all times. Such recording instruments are also 
called registering instruments. 

The principle oq which such devices are based permits of 
dividing them into three general classes : the first ia that in 
which an ordinary indicating instrument of any of the types 
heretofore described has attached to its needle a marking pen 
or pencil which moves over a chart that is being continuously 
pulled forward by clockwork ; ihe second class takes in those 
recorders in which there is Ukewise used an indicating inetrument 
mechanism, but whose needle is free to move and take up any 
desired position, a device being attached through whose aid the 
needle positions are marked on a clockwork-driven chart at regu- 
lar Intervals; the third class of recorders might be termed " relay 
recorders," in which the mechanism of an indicating instrument 
actuates a marking device, not directly, but through relays 
which control some source of mechanical power of relatively 
great strength. 

KECOEDEES OP THE PIEST CLASS. 

Bristol Recordert. 

The simplest of the recoideis of the first class made in this 
comitry is the Bristol instrument illustrated in Fig. 241. In it 
the chart takes the form of a paper disk, which is rotated by olock- 
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work at &□ appropriate rate. The inatrument mecbaoism consists 
of a Bolenoid voltmeter or ammeter whose loain winding is a coil 
whose axis is placed horizoatally, and whose core actuates the 
upper end of the needle shown, the force opposing the motion 
of the needle being the elasticity of its lower Bat spring end. 
The upper end of the needle carries s V-shaped trough in which 
there is placed a drop or two of slow-drying glycerine aniline ink 
which is drawn to the end of the trough by capillary attraction 
and so makes a fine line on the paper. 

Aside from the fact that the charts on such instruments are 
unsatisfactory because the ab- 
scissa and ordinates are not 
straight lines crossing at right 
angles, but circle arcs, so that 
the records aie difficult to in- 
terpret and practically impos- 
sible to integrate with a plani- 
meter, the friction between the 
pen and the paper is so great 
as compared with the power 
exerted by the instrument mech- 
anism that a considerable 
change in load must take place 
before the pen will move, and 
even then it may take np a 
position which does not accu- 
rately indicate the new value. 
The error due to this friction 
may easily be in excess of 5 
per cent '"'" ^" 

Chauvin and Arnaux Recorders. 

An ingenious device for partially eliminating the above- 
mentioned friction errors is used on the recording instru- 
ment made by Chauvin and Amoux, of Paris. This consists 
of an ink roller which is attached to the end of a needle 
actuated by an enlarged specimen of an ordinary indicating 
instrument movement, the roller being shown in Fig. 242. 
It consists of two halves, A and B, the former of which 
is open above and below and the latter above only, A 
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leutioular piece of porous porcelain or a disk of blotting paper 
ia placed between A and B and the two then screwed together 
hy an appropriate thread, so that only a very fine gap is left 
between them. Both the upper 
end of A and the lower end of 
B are provided with small jew- 
eled bearings which in turn rest 
on pivots, both of the pivots 
being secured to the pen frame, 
F. This leaves the roller free 
to rotate about its axis. A drop 
of alcohol is first allowed to f aU 
into the open end of A, and this 
moistens the porous washer and 
tends to flow outward through 
the crevice between A and B. 
Aniline ink is put into A imme- 
diately after, and this follows 
""■ "* the course of the alcohol, so 

that the ink is drawn to the edge and will of course make a 
mark on the paper chart rotated at right angles to and in contact 
with it. A complete Chauvin and Amoux recorder having an 
actuating mechanism of the hot wire indicating instrument 
pattern is shown in Fig. 243, which cut will make the method of 
attaching the pen more clear. 

This rolling pen reduces the frictioD between the marking 
device and the chart very materially, but it makes rather a broad 
line, so that it is ditScult to detect minute changes by inspection 
of the record curve. 

(general Electric Co. Recorder. 

Strictly speaking, this also is a recorder In which the records 
are obtained by attaching to the extremity of the needle of an 
indicating pattern instrument a pen, which by its travels over 
the surface of a paper chart carried beneath it by means of 
clockwork, traces a curve showing the variations in current 
strength. The problem of eliminating the frictional errors due 
to the friction of the pen on the record sheet has in this device 
been attacked by an endeavor to make the torque of the moving 
system so high that the frictional retarding forces form but an 
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inappreciable percentage thereof. One of the expedients 
inTolved is the reduction of the angular motion of the nee^e 
to abont 20° in place of the conventional 80° or 90°. This of 
itself brings about a quadrupling of the effort exerted for a 
given perceutage change in load, although it involves, too, 
chart ordinates which are veiy short A still further increase 
in the power for actuating the recording pen is obtained as 
follows : The measuring instrument piortion of the apparatus 
is that of the conventional d'Arsonval meter kinematically 
inverted, that is to say, the 
moving coil carries a steady 
conent of tlie maximum 
strength permitted by the 
design and swings in a mag- 
netic field whose intensity 
varies with the load to be 
measured, in place of having 
tlie coil current the variable 
and the field strength fixed 
at the maximum that the 
design allows. 

There is thus a moving 
coil whose windings carry a 
constant, uniform current 
from some separate source 
and stationary coils furnish- 
ing the field ia which the 
movable one swings. The 
plan necessitates the compli- 
cation of a set of storage 
batteries to supply the mov- 

., f J ■ Fia. MS. 

ing coil current and an in- 
dicating instrument in that battery line to show that the cur- 
rent strength remains unchanged, but has the advantage that 
the current from the source to be measured may be of almost 
any value as it flows through stationary windings, and there 
are hence no difficulties because of the limited cun-ent capacity 
of springs or the Uke. Excellent damping qualities result also, 
owing to the intensity of the field in wiiich the coil swings. 
A General Electric recording ammeter is shown in Fig. 244, 
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where the indicating instrument relied upon to show that flie 
strength of the current through the movable coil windings 
remains unchanged, is likewise visihle. The same clockwork 
that draws the* band of paper along under the marking pen 
makes marks on the chart at regular time intervals, from which 
marks the elapsed time may thus be read off. 

While heavy, cumbersome, and costly, the apparatus forms 
probably the best means available today for obtaining con- 
tinuous records of rapidly fluctuating loads within its capacity. 



being specially valuable for such work as the plotting of the 

current input curves of elevator and street railway motors. 

KECOBDEBS OF THE SECOND CLASS. 

Gans and Goldschmidt Inttrument, 

In this device the clockwork and paper drum arrangement is 

much the same as in the Chauvin and Anioux recorders, but 

the pen carried by the indicating instrument is not kept in 

constant contact with the paper. As can be seen from 

Fig. 245, a curved arm extends across the scale and above the 
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needle. This arm is ebarply knocked down toward the paper 
at regular intervals, controlled by a clock, and as this happens, 
the marker attached to the indicating needle is likewise bani> 
mered against tbepaper, bo that registry of a number of indiridual 
indications ib made and conveys practically the same information 
as if t^e record of the meter were a coatdnuous one. 

This type of instrument is attractive on account of the fact 
that the mechanism actuated by the current may be of the con- 
ventional indicating instrument power and design, for, being 
entirely unhampered in its motion, except at the instants when 
it is struck by the striker bar, the needle swings as freely as 
tbat of an indicating device. The periodic arresting of needle 
motion is, if anything, rather an advantage in so far as these 



checks serve to prevent the needle of otherwise poorly damped 
apparatus from swin^ng about too violently. The apparatus 
is not satisfactory on a rapidly fluctuating load, as the striker 
bar does not work with a rapidity sufficient to cause the suc- 
cessive dots on the chart to follow one another closely enough 
to give an approximation to a continuous line under the 
circumstances. 

No meters of the type are made in this country, but they are 
in limited use abroad, particularly for recording the deflection 
of instruments with low torques like galvanometers. 
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EECOKDEEB OP THE THIHD CLASS. 

The OaUeTuJar Recorder. 

One of the earliest relay recorders is the Callendar instnimeDt, 

which is primarily a recording slide-wire bridge. Fig. 246 shows 

its method of operation. In that figure MN is the straight 

stretched wire of an ordinaiy slide-wire bridge, the standard and 

unknown resistances being inserted in t^e usual way, as likewise 

are the battety and galvanometer circuits. The sliding contact 

on S slides along a bar, and is pulled toward ^or Ny as the case 

may be, by the endless cord shown passing over the idle pulleys, 

Z> J, and making a turn around the drum, P. The galvanometer 

is special, in that when it deflects because the bridge circuits are 

unbalanced its needle comes against one of the other of tiie 

JVBW 1 .... S 



stops E and F. When it is against E, a circuit which can be 
traced out from the figure is closed, and this energizes an 
electrom^net, I. This magnet pulls down one end of a 
lever, and in so doing raises the other end, which is a brake 
that prevents the gear wheel, R, from turning. As R then 
rotates, it in turn actuates the pinion, S, which latter rotates tiie 
drum, P, and pulls the sliding contact in the direction that it 
must be moved in order to restore the balance. If the galvano- 
meter needle touched F instead, the pinion. A, would be actuated, 
and the drum, P, would pull the sliding contact in the opposite 
direction. The manner in which the drum, P, is caused to 
rotate in one direction or the other, according as £ or A is turn- 
ing, is best seen from Fig. 247, which shows an enlarged view 
of this mechanical appliance. ^ is a stationary shaft on which 
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a gear wheel, K, may rotate freely. This wheel and its mate, X, 
are provided with both spur and bevel teeth. L is free to 
rotate on the outer surface of the shaft, T, carrying the drum, P. 
Fastened at right angles to T is an arm, U, on which there rotates 
the bevel pinion, V. If A and tlierefore Jf are stationary, and 
B rotates, X will evidently lie revolved about J" and in so doing 
will not only rotate K about its axis, i7, but will cany ?7 around 
the shaft, Q. In Uke manner, if B and he^ce X are stationary, 
and A rotates, K will rotate U about Q in the opposite direc- 



tion. If both A and B were released from the control of their 
brakes simultaneously, as would practically be the case if the 
galvanometer were subjected to heavy mechanical vibration so 
that it tapped E and F in rapid succession, J^ would rotate 
about U, but U would not rotate T around Q. This device is 
like the balance gear used on automobiles. 

The power for driving A and B is obtained from a pair of 
independent clockworks. A pen carried by the arm that sup- 
ports the sliding contact, on S, is drawn backward and forward 
on the record paper by it, and so makes Uie desired chart. 
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While the instrnment as described is ?. recording bridge giving 
a record of any changes in the value of resistance, X, it can, as is 
evident from the chapter on slide-wire bridges, easily be modified 
to become a recording potentiometer, in which case it will give 
recoids of potentials, currents, temperatures, etc. 

The ArcoiU Recorder. 

In this device the needle of an indicating instrnment actuates, 

as is shown in Fig. 248, a contact which comes gainst one or * 



the other of the stops A and B when the value of the current 
flowing through the instrument changes. A motor, M, is set in 
rotation when the needle is in contact with either stop by com- 
pleting the circuit through the motor armature, and revolves in 
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one direction with the contact on A, and in the reverse direction 
when it is on B. The torque exerted by the instrumeDt needle 
is opposed by that of the coiled spring, S, and ftie free end of 
that spring is attached to a carriage that is driven by the motor. 



The connections are such that when the current strength 
increases the needle makes the contact for that circuit which 
will revolve the motor armature, and hence move the spring 
terminal in such a way as to increase the spring tension. The 
motor will of course be kept on rotating until this increased 
tension is sufficient to pull the needle away from its stop, 
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whereupon &e circuit is broken and the motor comes to rest. 
A pen, P, is attached to the rack that is moved by the motor 
and traces on the chart the varying positions that the tack has 
assumed and which show the measures of the current strength. 

The indicating instrument mechanism may obviously be either 
a voltmeter, ammeter, or a wattmeter, according to the quantity 
that it is desired to observe. 

A complet« instrument of this kind is LHustrated in Fig. 249. 

The Weston Recorder. 
This device is similar to the Arconi recorder, in that an 
indicating instrument mechanism causes the direction of rotation 




of an electric motor to reverse according as the needle deflects 
against one or the other of a pair of stops, and in that the pen 
that makes the record on the chart is moved back and fortli by 
the motor. Instead, however, of varying the m^^nitude of the 
torque resisting the swing of the needle by tiie position of the 
recorder carriage, the torque actuating the needle is varied by 
varying a resistance placed in series with the indicatii^ mechan- 
ism. A diagrammatic illustration of this device is shown in 
Fig. 250, and will be understood without further explanation. 

Another form of Weston recorder is that illustrated in 
Fig. 251, In this neither the torque of the indicating needle nor 
that of the spring opposing its motion is varied, but the po&itaon 
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of die stop coDtacte is changed iustead. As is shown by the 
figure, the stops are carried on a frame moonted co-axially with 
the indicatiag mechanism, and are caused to rotate by a motor 
which drives their frame through gears. The directton of the 
rotation of the motor is determined by the paii t>£ stops with 
which the needle is in contact, and it carries the frame with the 
contacts along, until the circuit is broken and the needle left 
free. The recording pen is driven back and forth on its chart 
by the motor. 

Boyle^a Recorder. 
This piece of apparatus is diagrammatically illustrated in 
Fig. 252. It employs an ordinary indicating instrument mech- 
anism, /, on which there is a needle with a contact point at 
its end, as in the apparatus above. The stops against which 
this contact plays are, however, not stationary, but composed of 
two plates, 1? and T, insulated from one another but mechani- 
cally secured to a com- 
mon framework and 
in rigid connection 
with a piston, P, mov- 
ing in a cyhnder. 
When the needle 
makes contact with one 
of the plates, say S, a 
ci re nit is closed through 
a local battery and S, 
and through two 
electrically controlled 
valves, E^, E^. When 
current flows through 
the valve windings 
both are opened. As 
will be seen from the 
figure, this with the 

pping arrangement shown will admit water that is supplied 
under pressure from ordinary service mains to the lower side of 
the piston, through the valve, ^, while at the same time the 
opening of the valve, -B^ offers a free passage for the escape of 
the water from the upper and oppoMte side of the piston, P, to 
the atmosphere. The result of this unbalanced pressure on the 
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pistoD is to raise it, together mth the contact plates, S and T, 
attached to the piston rod, so that the pointer of / is free to 
deflect further toward the left. As long as the torque of 
I, exerted by the current flowing through ihe mechanism, is 
less than the restraining force offered by the springs, / will 
remain in contact with iS', but as S moves ap a position will 




finally be attained where the forces acting on the needle are in 
equilibrium, and its extremity will therefore rest between the 
plates S and T, but not in contact with either. 

If an increasing load were applied to I, the pair of valves, F* 
and I^, would be opened, and T and S would rise instead of 
faU. A pointer, R, is attached to the piston rod and moves 
over a sc^e which is divided so that the values o£ the current 
strengths may be read off directly. The same rod carries also 
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an ioking pen that lests in contact with the clockwork-driven 
record sheet. 

A detail view of one of the electrically operated valves is shown 
in Fig. 253, which is practically self-explanatory. The upper part 
of this apparatus is held to the lower one by means of a clamp, 
so tiiat if it is desired to have access to the valve at any time 
this can be done by the simple removal of a screw. A copper 
diaphragm is interposed between the windings of the electro- 
magnet and the iron core on which it acts, in order that moiature 
may not enter and spoil the windings. 

The possibility of 
varying the outline of 
the gap left between 
tlie plates S and T of 
the recorder forms an 
interesting feature of 
this apparatus. If the 
instrument whose fluc- 
tuations are to be re- 
corded is of the equally 
divided scale type in 
which equal current 
increments give equal 
increase of angular 
displacement of the 
needle, the straight 
slot illustrated is em- 
ployed, and the result- 
ant record chart is one 

for which ordinary cross-section paper may be employed, like 
numbers of divisions of the ordinates indicating like amounts 
of current at all points between the horizontal reference line 
and the boundary full capacity line. This enables tjie mean 
height of the record curve to be determined by simple integra- 
tion of its inclosed area with a planimet£r and dividing this by 
Hie length of the ohart, as in the case of steam engine indicator 
cards. 

If the excursions of the pointer of the indicating instrument 
do not vary in direct proportion to the changes in current 
strength and the straight gap is used, the chart divisions would 
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be like the scale divisioDS, i.e., if tlie latter are crowded together 
at any part of the scale the chart abecissae will be clfiee tt^ther 
at the same part. B; suitably cnrrmg the slot, however, it is pos- 
sible to make an indicatiDg instmmeiit movement whose scale 
divisions are not of equal width give a chart with equal divi- 
sions by causing the excursions of the piston to vary in direct 
proportion to the current strength. With an alternating-cur- 
rent voltmeter having a scale of the character shown in Fig. 149 
the slot required to enable the use of ordinary section paper as 
a chart would be shaped somewhat like that shown in Fig. 254. 
It will be seen that when the contact on the needle is at 
the point A a very slight swing of the needle is sufficient to 
close the circuit in one direction or another, that if the needle 
is near the point B it will make a larger angular swing before 
coming in contact with a plate, and that when it is at C the 
original status of affairs recurs, except that here the contact 
may move a little further, as the scale of 
the indicating instrument is more open 
at the highest point of its range than at 
ita lowest 

CONTACT TROUBLES. 

In all of the relay recorders so far de- 
scribed, the mechanism of an ordinary 
indicating voltmeter, ammeter, watt- 
meter, or galvanometer is obliged to ex- 
'"" "~ ert a sufficient torque to cause a metallic 

button carried by its needle to make an electrical contact with 
a stop. 

Even with fresh, smooth surfaces the pressure that must be 
exerted to force them together firmly enough to obtain good 
electrical contact is appreciable, and as the contacts become 
somewhat roughened, due to the slight but constant sparking 
when the motor or clutch circuit is made and broken thereat, 
tiie pressure required becomes still higher. 

Ihe requirement of high contact pressure means low sensibil- 
ity of the instrument as a whole, and its failure to record small 
fluctuations, as large current changes must take place before 
the contact carried by the movable element is pressed against its 
mate with the requisite force. Obviously a very small particle 
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of dust lodging between the contacts will have . ttte same 
effect. 

This difQculty, while seemingly triTial, has proven to be the 
greatest drawback to relay instruments, and in fact is the principal 
reason why none of them are yet in extensive use although 
their inception dates back many yeats. 

Various devices have been employed to minimize the trouble, 
the more prominent being the following: 

Rvihing ContaeU. 

Fig. 265 shows the expedient devised 1^ Professor Callendar 
for use in his recorder. As will be seen from this, the needle, S, 




of the galvanometer plays between two contacts which are mode 
in the form of wheels that are being slowly rotated by a light 
thread belt driven by a clockwork luechaniBm. Each wheel is 
of brass, and into ite periphery there is let a circle of platinum 
wire which projects above the wheel face. The tip of the 
galvanometer needle is of platinum also, so that when it defiects 
against either wheel edge, a contact is made between platinum 
and platinum, and one of the faces is kept rotating at right 
angles to the other, thereby not only continuously presenting a 
fresh surface, so that the heat developed at the point of contact 
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is less apt to prevent incipieat fusing, but the robbing polishes 
the surfaces and thus tends to keep them in good condition. 

In the figure the contacts between the wheels and the brake 
circuits are shown as being made through springs pressing on 
the wheel hubs. This is often modified by supporting the axles 
on which the wheels turn in plain metallic bearings, the amount 
of current to be transmitted being sufficiently small to admit of 
this practice. 

Relayt. 

AnotiieT method of overcoming the difficulty due to handling 
comparatively large currents through the contact made between 
the instrument needle and its stop is to use ordinary electric 
relays similar to those employed in telegraph practice, so that 
this circuit need carry only enough current to energize the relay, 
leaving the relay contacts to carry the heavy current that is 
necessaiy to work the clutches or the motor. By tliis expe- 
dient the current controlled by the instruments may be limited 
to one in which the sparking between the needle contact and its 
stops is inappreciable, or at all events not enough to roughen 
them with a consequent decrease in sensibility. 

Such relays are, however, open to the objection that they 
involve the use of an additional battery circuit, and so add con- 
siderably to the complexity of the device and to the fact that 
they are expensive. Without them, on the other hand, it is 
exceedingly difficult, if not impossible, to make a recorder of the 
third class that will be free from contact troubles when used for 
extended periods. 

WADDELL AND LBOBAKD BBCOBDBB. 
These interesting instruments are based on a novel {mn- 
ciple. Referring to Fig. 256 herewith, air under a pressure of 
approximately three pounds to the square inch is supplied 
through a pipe, A, to the instrument. This air is first obliged to 
pass through a long fine-bore pass^e, B, and then into a chamber, 
C, of relatively large volume. This chamber is supplied with 
an escape valve, 2), which is similar to a safety valve, 4he load 
on whose disk, E, is determined by the strength of the current 
to be measured. As in the case of any vessel provided with a 
safety valve of comparatively very laige capacity, the pressure 
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in the veBsel is deteimioed solely by the hlowiug<«fF piessnre to 
which the valye is loaded. Small Tariatious in the pressure of 
the air supplied through A do not vitiate this result, as the effeo- 
tave area of the passage, £, is bo much less than that throogh the 
valve, D, that the latter can take care of any of the fluctuations 
in the rate of sap^dy to the chamber, C. The manner in which 
the valve disk, E, is loaded by vatyit^ currents is also shown in 
the figure. A coil, F, of insulated wire is arranged in the annu- 
lar field supplied by the m^^net, SN, with its extension pole 
piece, ».8. This coiJ is supported on one end of a lever, Q, that 
is free to oscillate about the fulcrum, M, and is partially counter- 
balanced by the adjustable weight, I. When current flows 
through the spool the reaction between the magnetic field that 
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it furnishes and that of the permanent magnet exerts a pressure 
on the valve that is in direct proportion to the current strength. 
The valve is therefore loaded in proportion to the current 
strength, and the pressure in the chamber, C, hence varies with 
the current. The recording device is formed by a float, J, that is 
carried up and down in the manometer, K,'hj the variation in 
pressure on its surface. A pen is carried on a rod that is rig- 
idly secured to the float, and as it is moved up and down by the 
latter traces a line on the chart that is revolved before it by 
clockwork and shows the variations in current strength. 

A complete instrument of this class is illustrated in Fig. 257. 

As described, the apparatus is suitable only for the measure- 
ment of continuous currents, as only these will give the neces- 
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saty reaction between the permanent magnet and the coil 
tiirough which the current flows. Alternating currentB are 
measured by substituting for the nu^et and coil mech&oism, 
any of the indicating instrument meclianisms that have been 
described on preceding p^es and arran^ng them so that there 
is no restraining force, the needle instead pressing on the valve. 
A modification of tbis kind is the recorder for measuring 



the total output of a multiphase circuit, this being shown 
in Fig. 258. Here tlie lever which loads the valve is double 
ended and carries at each extremity a spool through which 
there flows current of a strength proportional to the volt- 
age. Each spool works in the field furnished by a solenoid 
through which passes the total current to be measured, and each 
end of the lever is hence a wattmeter. By making the electrical 
connections such that the right-hand end, A, of the spool is 
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depresaed and the left-hand end, B, laised when cnrrent flows 
through its wiadii^, the load on the valve evidently is the 
sum of tlie efiforts. As was pointed out on page 230 the 
output of a three-phase circuit ie obtained by adding together the 
indications of two wattmeters having their series coils connected 
in two of the three legs and tlie potential coils attached 
lespectivelj between each of these legs and the third one. 
In the instrument in question, the addition instead of being made 
arithmetdcally is made mechanically, in that it is the sum of the 
efforts of the coils which canses the downward pressure on the 
valve. The same instrument or simple modification thereof can 



i 






of course be used for recording the output of two-phase or any 
other multiphase lines. 

In tihe actual apparatus the contracted passage, B, Fig. 256, is 
formed, not of a long small diameter tube, but of a series of 
disks of filter paper which are die equivalent of the capllary 
tube pneumatically, and which have the incidental advantage of 
removing particles of dust from the air supplied through A in 
the same figure, and so preventing clc^fging the valve, D. The 
air for working these recorders is supplied either by a small air 
compressor driven by any suitable means, or through a reducing 
valve from any high-pressure air supply that may be available. 



■do/GoO^Ic 



CHAPTER n. 

nTTBQRATINO HBTEKS. 

As has already been stated, integrating meters ai« devices for 
registering the product of the mean value of current or power 
supplied through a given circuit during any given period, by 
that period. In the great majority of cases Uiey are used to 
measure the amount of current or energy supphed to the cus- 
tomer of electricity in order to form a just and definite basis for 
the bills. The name, " recording meters," by which they have 
long been known, is rapidly falling into disfavor, and the terms 
"integrating meter" and "electricity meter," both of which 
describe them more correctly, are coming into use. 

Because of the fact that these devices form the basis on 
which the chaiges are made by central stations to their custom- 
ers, the number in use is exceedingly large, and while already 
many times as great as the number of indicating or true record- 
ing instruments employed, is increasing at a rate that is daily 
becoming larger. As they are subject to conditions under 
which few of the instruments heretofore described are employed, 
and as they are inherently of such construction that the wear is 
greater and the length of time that they will remain in calibration 
and also their life is shorter, they come under a somewhat differ- 
ent category, and their peculiarities and ills are more appropri- 
ately treated in a volume devoted to them exclusively. A brief 
description of the principles on which the more prominent types 
are based is, however, thought properly to form a part of a treat- 
ise on the general subject of electric measurements and measur- 
ing apparatus. 

Integrating meters may conveniently be divided into the 
following general classes : Chemical meters, these being ones 
in which the desired current data is obtained through electro 
deposition; motor meters, in which the device showing the 
current or energy integral is actuated by an electric motor 
mechanism ; and mechanical meters in which a mechanical 
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integrating device like a planimeter is actuated hy an indicating 
instriimeot and its indicationa used to show the result 

In all of these it is desired to obtain a record of Hie total 
amount of energy passed thTough the meter, and where the 
apparatus is an integrating wattmeter, this result is attained 
directlj. Some of the instrumente give, however, not watt 
hours, but ampere hours, and the resultant charge made to the 
customer is baaed on the assumption that current has been 
delivei-ed at a constant potential. This state of affairs, while 
never actually existing, aa the potential at the customer's prem< 
ises may easily vary 5 per cent, is generally sufBciently close 
as an average to form a basis of chatge tiiat is as equitaUe as is 
the watt^our basis. 

CHEMICAL MBTBBS. 
Edieon Chemical Meter*. 

The most prominent and practically the only representative 
of tlie chemical meters is the Edison meter. It consists of a 
voltameter in which the plates are of zinc and the solution of 
zinc-sulphate, instead of copper and copper sulphate, respec- 
tively, as in tiie case of the voltameters, mentioned on p^e 14. 
A shunt is inserted in the supply circuit and combined with tlie 
meter itself, so that only a known fraction of the total current 
passes through the voltameter. Two voltameter cells con- 
nected in series with each other are usually em[Joyed In order 
to afford a double check, and a thermostat is also added which 
consiste of a compound metallic strip that closes a circuit 
tlirough an incandescent lamp when the temperature falls too 
low, so that the heat from the latter may serve to keep the 
cells from freezing or becoming sufficiently cold to introduce 
errors. 

An Edison chemical meter is shown in Fig. 259. 

Instrumente of this type possess the very great advantage of 
containing no moving parts and hence not being subject to de- 
terioration. Their accuracy is also of the highest, as the fact 
that there is no friction means that the smallest loads are regis- 
tered with the same accuracy as the greatest ones within their 
capacity. Further, there is no ine^a, so that if the current 
passed through them is fluctuating in strength, the meter 
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takes aocount of it all without having that inertia introduce 
errors becauBe of its refusal to allow the appamtus to get up to 
speed before the current has f^aiu fallen. Its drawbacks are 
that in order to obtain readings the jars containing the plates 
must he removed from the meter and carried to some point 
where the delicate operations of cleaning and drying the plates 
and weighing the change in weight can be attended to. Where 
the instrument is in constant use, this means that two sets of 
voltameters must be supplied, the one being in the recorder 
while the other is at the station. An incidental, but Impor- 
tant, further drawback is that the customer to whom current 



is being sold and whose bills are figured from the indicationa 
of the recorder, is left without even the crudest means for 
ascertaining what the meter readings are, and is therefoi'e 
obl^ed to rely entirely on the accuracy of the station reports 
as rendered in the form of bills. The comic-paper man 
with his gas-meter jokes has rendered such apparatus out of 
the question. Even an instrument which a customer can 
read himself is viewed with suspicion, and when no means 
of this kind are afforded it is generally a waste of time and 
breath to attempt to persuade him that bills are not made 
up simply by guesswork and with an idea of having them as 
laige as he will stand without protest It is for the latter 
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reasoD in many cases, as mach as any other, that the EdisoD 
meters are going out of use and being replaced by integrating 
infitruments of the motor type. 

MOTOB METERS. 

Thornton InUgrating Metert. 
One of the oldest and certainly the most widely used motor 
meter is the Thomson integrating watt-hour instrument shown 
with ita protective casing removed in Fig. 260, It cons^ts of 



an electric motor wilh a vertical shetft, the armature being of the 
drum-wound type and both it and the field windings being with- 
out iron cores. The armature wirea are of small diameter and 
carry a current varying in proportion to the potential between 
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tlie service mains, actdng like the potential windings of an indi- 
cating wattmeter. The field windinga are of heavy wire, and 
through them is passed the total current. The torque exerted 
under these conditions is evidently proportional to the product 
of the simultaneous instantaneous values of the current and 
potential, that is to say, to the watts, whether the current is 
direct or alternating. The load for the motor is supplied by a 
copper disk secured on the lower part of the shaft and rotating 
between the pole :^eB of a pair of permanent magnets, the eddy 
ouiTents generated in the disk by its rotation in this magnetic 
field forming a dr^ that increases in strength in direct propor- 
tion to the speed. As the torque of the motor increases in 
direct proportion to the watts, it is clear that each wattage calls 
forth a corresponding opposing load and that the speed there- 
fore increases in direct proportion to the watts. It is hence 
possible simply to attach a train of gears to be driven by the 
rotating shaft and to affix pointers to appropriate members of 
this train which will thereupon show on appropriately divided 
dials over which they sweep, the watt hours that have been 
consumed. 

If the apparatus were frictionless, it would operate correctiy 
when made along the simple lines described. This is, however, 
not the case, as the friction between the bearing on which the 
foot of the shaft rests, and between the commutator and the 
brushes, is not an inappreciable quantity. It is, however, a quan- 
tity that^ may safely be assumed to be nearly constant irrespec- 
tive of the speed of rotation of the shaft, and provision is hence 
made to supply a constant torque which will just balance this 
frictional resistance. The means is a coil wound like die station- 
aty field coils, and of a size that wiJl just slip inside of one of 
them, the coil being of fine wire and connected in series with 
the armature and the non-inductive calibrating resistance. Aa 
the circuit so formed is always connected across the mains, 
current is continuously flowing through it, and by properly 
adjusting the distance between the fixed coil and the armature, 
the field that the coil supplies may be made of a strength that 
is just sufficient to make the torque of the armature in it one 
that balances the frictional drag. In practice it is necessary to 
adjust the position of this so-called " starting coil " after the 
meter has been erected in place. This is because a meter 
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subject to mechanical vibration has less friction of the lower 
bearing than if the same inBtrument were installed at a perfectly 
quiet point The adjustment is made empirically, the starting 
coil being pushed inward toward the armature until the latter 
just begins to rotate with no current Qowing through the series 
winding, whereupon liie coil is slightly retracted and then made 
fast. 

As there are two series field coils the instrument is easily 
arranged for measuring the input on a three-wire circuit, one of 
the coils being placed in series with each of the outer mains 
and the pot«Dtial coil between one of the outer mains and the 
neutnil, as is shown in Fig. 261. 

For very heavy currents such as in central stations, the 
current windings take the form of a flat copper bar as shown in 
Fig. 262, and two armatures, each of which is placed within the 
influence of the field surrounding the bar, are used connected to 



a common shaft. In all of the instruments the cahbration may 
be adjusted by varying the radial distance between the shaft 
turned by the armabire and the center of the pole faces embrac- 
ing the copper disk and so changing the opposing torque. 
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Sangama IntegratiTig Meters. 
In tliis apparatuB, as in die Thomson described above, a 
motor exerting a torque proportional to the watt consumption 
of ihe circuit in which it is connected, rotates a disk of conduct- 
ing material between the jaws of stationary permanent magnets, 
and the number of its revolutions as shown by pointers eweejung 
over appropriately divided dials is a measure of the watt hours. 



The motor element and many of the details of the apparatus 
differ markedly from the Thomson device. The former will be 
understood by reference to accompanying Fig, 263. Here a 
disk, A, of copper provided with a float chamber, S, is sub- 
merged in a bath of mercury, C, inclosed in a chamber of 
insulating material, D. Bedded into the walls of the chamber 
are a block of iron, GO^, and the extremities, EE', of a 
laminated core electromagnet EFE'. Copper lugs, HS', are 



■do/Google 



INTEGRATING METERS. 331 

also bedded into the chamber at diametrically opposite points. 
When such a Btructiire is connected iu circuit as the figure 
shows, the disk, A, is evidently located within the field of force 
of the electroma^et, the flux direction being from E to Q 
and from G" to W, The disk at the same time is being 
traversed by a current flowing in tlie direction shown by the 
arrows, comii^ in through the lug, H, through the short gap 
between A and S that is filled with mercuiy, and similariy out 
from A to H'. We thus have an Arago disk motor whose 
torque is la proportion to the watt consumption of the load 
under measurement, as the disk current is that required by the 



load, while the magnetic field against which it reacts is of a 
strength proportional to the appUed potential, the windings of 
the electromagnet being connected across the sup^y line. 

In Uiis meter the device for obteining a small and adjustable 
initial torque to compensate for the retardational effect of the 
friction of the moving parts consists of a small spiral of bare 
resistance wire wound on a hard rubber rod and electrically 
connected at Jaai. K in shunt to the disk circuit Current 
for the potential circuit of the meter is tapped off from this 
spiral at any desired point of its length by shifting aloi^i; the 
movable contact, L. The resistance of the spiral is high as 
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compared with that of the circuit through the disk. With Z 
near J, the major portion of the current drawn by the windings, 
N, of the potential circuit, evidently 0ow8 direct from J through 
LN to M; a small portion only flowing through the by-patii, 
JHAH'KL, owing to the much higher resistance of that path. 
There is then but a feeble current through the disk, A. When 
L is moved over to K, the high resistance of the spiral means 
that the major portion of the potential circuit current flows 
through the disk circuit instead of through JK as before, and 
similarly for intermediate positions of L. The proportions 
are such that this small current which constantly flows 
througli the disk, independent of Uie load, may, by shifting 
L, be brought to a value setting up a torque which just 
balances friction. 

The meters are claimed to be superior to the Thomson form. 
For one thing the commutator, which is always a more or less 
troublesome element and a source of variable friction errors, is 
eliminated. For another thing, the buoyant effect of the 
mercury is utilized to entirely relieve iJie lower shaft bearing 
of the weight of the moving system ; in fact, the design gives a 
very slight upward thrust of 
about two per cent of down- 
ward pressure in a non-floated 
meter. This reduced press- 
ure means greatly decreased 
friction and wear and a much 
lessened liability to injury of 
the jewel or staff end if the 
apparatus is jarred or run sub- 
ject to vibration. Another 
feature is the ability to use 
shunts similar to those util- 
ized with indicating ammeters 
of the direct-current type, to 
increase the ampere capacity. 
This point is of a decided ad- 
vantage from the standpoint 
Yia. M4. of cost, as a shunt can be 

built for a fi-action of the expense involved in constructing the 
stationary conductors in a commutator type meter of material 
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heavy enough to carry cunents of hlgli value. Shouts are uot 
feasible with commutator apparatus. 

Fig. 264 shows tiie parts of the motor member of a 
Sangamo meter disassembled and arranged one above the other 
in the onier in which they go together. The downwardly pro- 
jecting tube on the top cover plate contains a pierced jewel 
through which the shaft, P, Fig. 263, passes and which acts as 
a guide bearing for that shaft. The fact that the minute clear- 
ance between the shaft and its bearing is the only point where 
mercury could escape, and 
that the mercury can never 
get at tiiat point owing to 
the " patent ink well " type 
of construction, makes it pos- 
sible to ship such apparatus 
from place to place with the 
mercury in position and 
without danger of spilling 
any of it. 

A Sangamo meter with 
the cover removed is shown 
in Fig. 265. 

Aaron Meter. 

The Aaron integrating in- 
strument can be considered 
as belonging to the class of 
motor meters only in that 
the indices which show the 

current or eneigy consiimption are driven over the dials by 
spring motors. The apparatus is not in use in this country, 
and it is doubtful whether it ever will be employed to any 
extent here, as it is both bulky and costly and mther too 
complex to suit the fancy of our engineers. Its ingenious prin> 
ciple, however, entitles it to at least brief mention in this 
volume. 

The apparatus takes on many different forms, according to 
the kind of circuit on which it is to be used, but all rest 
on the following principle ; Two separate clockworks having 
escapements of the pendulum pattern are mounted together 



■do/Google 



834 ELECTRIC AND MAGNETIC MEASUREMENTS. 

on a common framework, and these are adjusted ao that their 
rate is exactly the same. The two trains of clockwork mesh 
into two gears, P and P' respectively (Fig. 266), which gears, 
together with the pinion, I, form a device like the gear in the 
Callendar recorder illustrated in Fig. 247. As long as the 
trains are moving at the same rate, P and P' will rotate 
without causing the shaft that carries / to rotate about its 
axis, X. If, however, one of the trains should be caused to 
run more slowly than the other, X will be rotated, and the 
pnion on it will set the indicating hands attached to the gears 
in meah with the pinion which it carries in rotation over their 
respective dials. 

A difference in speed 
' of the gear trains of the 

two clocks is brought 
about and made to vary 
in proportion to the 
strength of the measured 
current in the following 
way: Referring to Fig. 
267, which shows an 
Aaron meter with the 
ease open, it can be seen 
j.j^i jgg^ that the left-hand one of 

the clocks is provided 
with an ordinary pendulum, this being made of brass or any other 
non-magnetic material. The bob of the right-hand pendulum 
is a U-shaped permanent magnet, which swings over the end of 
a solenoid through which the current to be measured is passed. 
When no current is flowing the solenoid of course exerta no 
influence on the magnet, and the clocks are free to run at the 
like speed to which they are primarily adjusted. When, how- 
ever, current flows, the swings of the magnet are retarded, and 
the amount of retardation increases in direct proportion to the 
current strength. 

For alternating-current work, a laminated iron core swinging 
within a horizontally placed solenoid is substituted for the 
other arrangement, and for the measurement of watt hours 
instead of ampere hours the pendulum bob is formed of a 
coil of fine wire that is connected across the line through 
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the interposition of a suitable auxiliary resistance. As the 
planes of the fixed and swinging coils are parallel, the attraction 
between tbem varies with the watts, as in the case of an indicat- 
ing wattmeter. Other possible modifications rendering the 
apparatus suitable for use on three-wire and multiphase circuits 
will suggest themselves. 

ALTEBNATING-CPRRENT METERS. 

The Thomson commutator meter above described and others 
of its class may be used on alternating as well as direct 
current, just as a dyna- 
mometer type wattmeter 
is available for either kind 
of circuit, but they are 
but seldom so employed 
in practice, principally be- 
cause the commutator 
with its attendant ills and 
the heavy duty on the 
jewel bearing because of 
the great weight of the 
moving system, are con- 
sidered evils to be tol- 
erated only where their 
presence is essential. The 
Sangamo meter in which, 
as explained, the commu- 
tator is absent and the 
jewel pressure extremely 
small, forms an acceptable 
alternating-current device 
when a condenser is in- 
serted in the potential j.,^ ^ 
circuit to compensate for 

the self-induction of that winding and cause the changes in 
magnetization of the iron core to vary in phase with the line 
potential. This pattern is relatively new, but seems growing 
in favor. 

The class of meter for alternating-current service in most 
extensive use is, however, the induction type, which, while 
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operative only on alternating circuits, is attrsctive because o£ 
its simplicity and dmsbility. 

The earliest form of induction meter that came into general 
serrice is the 

SkaUenherger Meter. 
The Shallenberger meter records ampere hoars and, as is seen 
from Fig. 268, contains a stataonaiy flattened coil of heavy ^viie 
Uirough which the current to be measured is posued. Within 
this coil there is a second one similarly diaped, and placed witii 
its longitudinal axis at an angle to the above series coil and 
having its windings short-circuited on itself. Located in the 
plane of both coils is an alumiuum disk. The alternating cur- 
rent flowing tlirough the outer coil produces another current in 
the shortKiircuited one, and the resultant of the magnetic fields 
set up by the two is evidently shifting around the axis of the 
inclosed disk. This rotating 
field carries the disk along 
with it, the torque being di- 
rectly proportional to the 
current in the series coiL 
The torque opposing the ro- 
tation of the alumiuum disk 
is furnished by four light 
vanes of aluminum secured 
to radial arms, forming a fan 
whose opposing torque varies 
_ Fia. 3«. ^ ^g speed and the work 

necessary to rotate it, as the square of the speed. The revolu- 
tions of the rotating element are registered by a train of gears 
driven by the rotating shaft as in other' motor meters. 

Induction Wattmetera. 
The Shallenberger meter above mentioned is evidently an 
ampere-hour meter. Induction inBtruments may be built to 
register watt hours instead by causing a rotatably mounted 
disk or drum of good conducting material, usually aluminum, to 
be acted upon by two sets of coils, one carrying the line current 
and the other a current varying in proportion to the apphed 
potential and hence connected across the line. In order that 
these two currents may set up a rotating magnetic field so as to 
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cany the aluminum disk along and thus drire the tnun of gears 
actuating the indices which show the watt hoois consumption, 
one must be displaced in phase from the other. This is accom- 
plished in commercial meters by placing in series with the 
potential winding, which is connected across the line, a highly 
inductive resistance which of course causes the phase of the 
current flowing therethrough to be displaced nearly ninety 
degrees. The torque exerted on the rotatable member is pro- 
portional to the product of the simultaneous instantaneous 
strengths of the currents in the two windings, that is to say, 
to the watts being expended in the circuit beyond. 

The mechanical disposition of the elements of such meters 
evidently admits of considerable variation. 

UBCHAlflCALLT IKTBGBATma MEIEB8. 

A type of integrating meter possessii^ jnany attractive fea- 
tures and which is periodically re-invented, consists in transfer^ 
ring the indications of an indicating ammeter or wattmeter to a 
clockwork or 'motor^iriven counting tnun. The needle of the 
indicating instrument swings over a scale as usual and carries a 
stop or else some transmitting device. A clockwork operated 
mechanism is set in motion at successive intervals of time, and 
either rotates through a distance determined by the position of 
the stop as determined by the load passing through the instru- 
ment, or works the counting train through a transfer gear car- 
ried by the needle for a length of time that is hkewise determined 
by the needle's position. 

Ihe number of such devices in actual use is so exceedingly 
small that the devotion of any extended space to them and their 
peculiarities and drawbacks is not warranted. Mention is made 
as the principle at least is of interest. 

BOYLE IKTBOBATOB. 

Another form of integrating meter in which the mechanism 
of an indicating device is utihzed is the recorder mentioned on 
page 814. To the rod which carries the record pen and the 
index that sweeps over the graduated scale, there is secured, as 
is seen from Fig. 269, an arm with a fork-shaped end which in 
rising carries with it a small wheel, A. A'va free to slide along 
the rbaft, B, which has at its end a worm that drives the count- 
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jog traia. A drives B in that the latter is provided with a 
key-way running for its whole length, A being supplied with a 
feather that runs in it A is in contact with the face of alaige 
disk, Df that is driven by clockwork at a constant speed, and 
the plane of whose face is at right angles to that of A. When 
A is at the center of D the latter will rotate without causing A 




to turn J when, however, A is carried above the center by the 
fork F, D will drive it and hence the counting train, and the 
i&te of rotation will be in direct proportion to the distance of 
F from the center. The latter distance is proportional to the 
current through the meter which controls the positiou of the 
needle, E, on the scale, S, and the counting train hence gives am- 
pere or watt hours according as that meter is an ampere or a 
wattmeter. 
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CHAPTER m. 

HAXIMDH DEHAHD METERS. 

In order to be able to charge the purchaser of electrical 
energy an equitable amount, it is desirable to know not only the 
product of the mean value of the eneigy by time it was supplied, 
but also to know tlie maximum amount that has been called for 
during any appreciable period, in order that the purchaser may 
be properly taxed for that propor- 
tion of the total supply equip- 
ment that must be held in reserve 
for him, so that he may make that* 
demand at any time. Instruments 
for measuring this lai^st call are 
known as maximum demand, or 
simply demand, meters. 

WrigfU Matdmum Meters. 
This instrument, which is illus- 
trated in Fig. 270, consists of a 
TT-shaped glass tube, having en- 
laiged chambers at both extremi- 
ties and a side tube opening out 
of one of them. The chamber 
that has not the side outlet is sui^ 
rounded with a couple of turns of 
high-resistance alloy that is made 
in the form of a thin ribbon wound 
tightly about the chamber, in order 
that the heat generated therein fiq. 270. 

by the passage of the current may wann the air in the chamber. 
The tuba is filled with liquid to about the height shown. 
When current flows through the resistance strip the expansion 
of the air in the chamber. A, due to the heat, forces the 
surface of the liquid in the left-hand leg of the tube down- 
ward, and that in the right-hand one correspondingly up 
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ward. Should ihe current strength be sufficiently high, the 
surface of R will rise until the liquid will overflow into the 
central tube, S. If the current is then reduced or cut off, and 
afterward put on again, R cannot rise sufficiently to overflow 
into S unless the current strength is greater than the preceding 
one. The greater the current, however, the greater is the 
amount of liquid that will flow into 
the center tube, and the scale placed 
alongside of the tube may, therefore, 
be graduated to show the maximum 
amperage that has passed throu^ 
the heater strip. The air in the 
chamber, A, does not heat up in- 
stantaneously, and the surface of ii, 
therefore, does not vary at once wilii 
change in current strength, but lags 
considerably behind it, the time ele- 
ment being such that if a given cur- 
rent flows through the winding for 
five minutes, only about 80 per cent 
of the amount of liquid will flow into 
S that would get there if the cur- 
rent were left on indefinitely : about 
95 per cent of the total amount will 
be measured in ten minutes, and all 
of it in half an hour. This feature 
is of importance, as it means that 
the customer is not penalized because 
of the existence of a momentary 
short circuit on his line, which does 
not injure the supply station in any 
vray, and account is not taken of a 
heavy current momentarily drawn, 
as when starting a motor, which also 
does not inconvenience the station. 
The meter can be reset, that is, the liquid drained out of the 
tube, S, by inverting the 0-shaped portion so that it all flows 
into the chamber, B, as after it is lowered to its original position 
again that liquid will flow into B instead of S. Variations in 
the temperature of the atmosphere do not affect the device, as 
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it is in reality simply a maximum indicating differential ther- 
mometer actuated by the difference in temperature between its 
two bulbs. The apparatus is put in a locked case, so that this 
resetting cannot be done "by unauthorized parties. A complete 
instrument is shown in Fig. 271. 

Sohattner Maximum Meter. 

In this device, illustrated in Fig. 272, a glass tube bent as 
shown is partially filled with steel balls which fit its bore quite 
closely, and then entirely filled with an oil of greater or less 



viscosity, according to the l^ in indications desired, after which 
it is sealed. This tube is then secured by clips to the sectoF- 
shaped plate carried by » suitably joumaled shaft, which shaft 
is rotated over an angle proportionate to the strength of the cui-- 
rent flowing through the curved solenoid in the lower left-hand 
comer of the containing case because of the attraction of that 
solenoid on ite iron core. As the sector and hence the tube are 
so tilted, the steel balls, which are iuitially all contained in the 
tube's curved arm, tend to run out of this arm and down into the 
straight one. The curvature is such that for a small inclination 
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only one ball ia on a downward grade and tliat Hie niunber so 
situated increaaes with tlie angular deflection of tlie sector. 
The oil in the tube gives a dashpot effect to the movement of 
the steel balls such that a momentary overload or short circuit 
would not be registered, that is to say it introduces the same 
time lag that exists in the indications of the Wright meter. 
Different lags are obtained by using oils rA different viscosities. 

On the face of the sector is printed a table as shown, giving 
the ampere flows through the solenoid required to cause varying 
numbera of balls to run down into the straight tube. The 
sector also has marked on it just above the curved tube, a scale 
graduated in amperes, the position of said scale relative to a 
stationary pointer carried by the cont^ning case, thus giving 
a means of reading the iuBtantaneouB values of the current 
strength. 

This meter is reset, that is, the balls returned to their initial 
positions in the curved arm after taking a reading by removing 
the tube from its cUps and hanging it upside down. As this 
operation is rather a slow one, a spare tube is often supplied 
fastened in an inverted position inside of the case, and this is 
exchanged for the first one as readings are made. 
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CHAPTER I. 
MAGNETIC UniTS. 
The elementary magnet is a stmght thin rod or bar whose 
manifestatioDS of maximum magnetic energy are exerted at or. 
near its ends at points known as the magnet poles. All magnets 
have two poles, which are termed by convention positive and 
negative, ihe former being that which points toward the north 
if Uie magnet is freely suspended in the earth's magnetio field. 
M^netic poles of like sign mutually repel one another and 
poles of unlike uign attract one another with forces that in both 
cases are directly proportional to the product of the strengths 
of the two poles and inversely proportional to the square of the 
distance between them. 

TTNIT MAGNETIC POLE. 
The unit magnetic pole is taken as one which will act on a 
pole of like strength with a unit of force (1 dyne) when placed 
at a unit distance (1 cm.) therefrom. 

POU! BTEENQTH. 

The paths in the space surrounding a magnet, throughout 
which magnetic actions of equal force exist, form closed curves 
starting from one pole and extending through the surrounding 
medium back to the other. They are the lines seen when 
iron filings are sprinkled on a piece of glass or paper under 
which a magnet is placed, as in the familiar illustrations found 
in every text-book of physics. When it is desired to ascertain 
their direction it is done by this sprinkling method, or, when 
that is not feasible, by suspending a very short and very thin 
magnetized needle so that it is free to assume any position and 
plotting its successive directions when moved about in the field 
to be explored. Such a needle is shown in Fig. 273. 

Although tiie number of paths is infinite for every magnet. 
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by convention lines of force are utilized to designate the 
strengtli of the magnetic field as well as to show its direction, 
one line of force per unit of area (1 square cm.) 
at right angles U) its direction being taken as 
representing the unit force. This unit force is 
that exerted by a unit pole at a distance of 1 cm. 
As the surface surrounding the ideal unit pole is 
a sphere and has an area of 4irr, and as r is 
unity at the unit distance, the number of lines 
of magnetic force that proceed from a unit pole 
is iw, which is thus the unit pole strength ; 
' its symbol is usually written m. 

STBBNGTH OP FIEaj>. 

The strength or intensity of a mi^netic field at any point ia 
measured by the force that it would exert on a unit m^netic 
pole placed at that point, and therefore under the above con- 
vention is the number of lines of force per square cm. theie. 
Field strength is designated by the symbol S. 

MAGNETIZING FORCE, 

Usually the force causing a magnetic flux through a given 
circuit is supplied by a coil or solenoid of wire through which 
an electric current is being passed. If that solenoid has a 
length which is great as compared with its diameter, the direc- 
tions of the lines of force within it will he parallel except at 
the ends. If the coil has iV turns, its length is L, and the cur^ 
rent through it is expressed in absolute units (1 absolute unit 
equals 10 amperes) the monetizing force of the solenoid exerted 

on the medium within it is ^ - ■; forifaunitpole were moved 

along one of the lines of force within the solenoid for a distance 
of 1 cm. its 4ir lines would cut N ■*■ L turns of wire, generating 

an E.M.F. of — =- and the work done would be ^7777^- 

This is the strength of the field within the coil, and is, there- 
fore, also the 5" above. The number of turns per unit of length 



the above formula becomes 
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MAGNETIO EJDnCTlON. 



If the core of the above solenoid were of a magnetic matenal, 
say iron, instead of air, while the magnetizing force ff would 
leoiain the. same, the flux of magnetic force through the core 
would become very much greater. The value of tiiis induced 
flux is dependent not only on the nature of the material forming 
the core, that is to say, whether it is of iron, steel, cobalt, ete^ 
but on t^e m^nitude of the rof^netizing force, te,, on the value 
of ff. Flux density is designated by the symbol B, and its 
unit, the Gauss, is one line of force per square cm. of cross- 
section. 

PEKMEABILITT. 

The ratio of the magnetizing force to the magnetic induction, 
that is, of £ to i^ is the magnetic permeability, and is usually 
written /I. If the core within the solenoid is made a vacuum, 
JJ" equals B and p. equals 1. 

The permeability of all gaaes, liquids, and solids, with the 
exception of nickel, cobalt, and iron and its compounds, is at 
ordinary temperatures practically that of the vacuum that is 
used as the unit. No known substance has a permeability of 
zero ; that is, there is no known substance that will prevent the 
flow of a magnetic flux, and none has a suflSciently low value 
of ^ to be considered as a magnetic insulator in the sense that 
glass, rubber, etc., are electrical insulators. 

MAGNBTOMonvB FORGE. 

The magnetizing force that drives a flux through a reluctance 
is called a magnetomotive force. As the magnetizing force 
Sis simply the magnetomotive force per unit of length of the 
magnetizing coil, the value of the magnetomotive force of a 

■1 ■ /r r D- 4irJV7 . iirNI ,, 

pven coil 18 i/, i, or as ii = is -y-^ — Magnetomo- 

tive force is expressed in gilberts, and, as is seen from the 
formula, a gilbert is .7958 ampere turns. Its symbol is F. 

MAGNETIC MOMENT. 

If a Btraightrbar magnet is freely suspended in a uniform 
magnetic field it will take up a position such that its axis is 
pamllel to the lines of force. The turning moment tending to 



■do/Google 



846 ELECTRIC AND MAGNETIC MEASUREMENTS. 

bring it into parallelism is a maximum whea the bar is at ri^t 
angles to the field and is dependent on the distance between the 
magnet poles, the strength of the poles, and tbe stiengtiL of the 
field. If S, the field strength, is unity, the moment, M, of 
the m^^et is die product of the strength of either pole hy the 
distance between them, that is to say, it is ml. 

INTENSITT OP MAGSBTIZATION. 

The intensity of m^netization, J, of a magnet having its poles 
at its ends is die pole strength, m, divided by the polar area S. 
It is also the magnetic moment, 3f, of the magnet divided by its 

jr 
volume, F; for if i is the length, V = IS, oi S = ^ The 

moment is M= Im, or m = — . Substituting these values in 

the fonnula for pole strength, we have — = — . 

The relations in a monetae circuit are governed by the law : 
flux equals magnetomotive force divided by reluctance, s fonn- 
ula that is easily recognized as being analogous to Ohm's law 
for electric circuits. 
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■EASUREHEDT OF FIELD STREHGTH. 
BY CALCULATION. 

The strength of the magnedc field within a soleooid having 
a noD-m^netic core may be calculated directly from the form- 

lUa H = , given on page 344. The number o£ turns, N, 

is counted, the length of the solenoid, L, is measured, and the 
current, /, read with the aid of any appropriate current-measur- 
ing instrument. 

Where the field to be measured is that of a permanent mag- 
net, or where for other reasons the method of calculation can- 
not be employed, means of direct measurement must be resorted 
to. The first of these is the 

METHOD OF OSCILLATION OF A MAGNET. 
This is due to Gauss and is suitable only for the measure- 
ment of very weak fields, as, for instance, that of the earth. 
Two sets of observations must be made, the first beit^ the time 
of oscillation of a suspended magnet, and the second the deflec- 
tions of that mf^net when acted on by the field of another. 
The first gives the value of the product, ME, from the formula 

37, — a- =MS. In this formula K is the moment of inertia of 

the magnet, t the time of a single oscillation of the magnet, and $ 
the ratio of torsion of the supporting thread. If the magnet 
is a simple geometrical body and known to be homogeneous, 
its moment of inertia can be calculated from its weight and 
dimensions in the ordinary way. If it is irregular the following 
expedient may be adopted. The time of a single oscillation, with 
the magnet in its original condition, is first observed and re- 
corded. It is then loaded with a ring whose mass and dimen- 
sions are known, and whose own time of inertia can therefore 
be calculated. The mf^et loaded with this ring is then set 
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smnging and the time of an oscillatioa noted aa before. If 

this time be called (, the value of Mffss— 3^-73 tit • The 

ratio of torsion in the fonmila is the ratio between the restoring 
forces due to the elasticity of ihe suspension and to the action 
of the magnetic fields respectively when the magnet is only 
slightiy deflected from the m^netic meridian. To find its 
value, tiie torsion head attached to the suspension canying the 
magnet should be twisted through an angle of about 360 
degrees and the resulting deflection noted. If the angle of twist 
of tiie torsion head is called a and that of the deflection i, 

0= ^. The time of oscillation, t, is best observed with 

a -~ 
tbe aid of a stop-watch and a telescope and scale or lamp and 
scale arrangement, such as that used with reflecting galvanom- 
eters (see page 42). 

The second observation in the oscillation method of measure- 
ment of weak fields is that of the ratio oi M toS, To obtain 
it, it is necessary to use a magnetometer, a device for comparing 
the m^fnetic moments of different magnets. Tbe magnetometer 
consists of a light silvered mirror, to the back of which are 
cemented two or three short strips of magnetized watch spring 
which serve as a small magnetic needle. This will of course 
hang with its plane in the magnetic meridian. The magnet, 
whose time of oscillation has been determined, is now placed 
with its axis at right angles to the axis of the magnetometer 
needle and will thereupon cause the magnetometer reading to - 
change. The angular deflection of the magnetometer is noted, 
as is also the distance between the center of the test bar and 
the instrument. Call the distance between the center of the 
m^netometer needle and the magnet r. The operation is then 
to be repeated, using a different value for the distance between 
the magnetometer needle and the bar. Call this distance r, and 
let the corresponding angular deflections be and 0'. The 

. M. . 
value — IS then 



In testing any weak field extreme care must be taken to see 
that there are no bodies of magnetic material in the immediate 
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Ticinity of the apparatus, and that there are do movable mag- 
netic massea, even if they are nothing but a bunch of keys car- 
ried in die pocket, as either will seriously modify the field and 
introduce large errors in the results. The conditions are par- 
ticularly difficult when measuring the intensity of the earth's 
field, as this is always varying slightly in itself and is much 
influenced by the fields due to current-carrying conductors. 

INDUCTIOK METHODS. (BNAP AND EOTATDTG COILS.) 

If a conductor consisting of N turns of wire and inclosing an 
area, S, is placed in a magnetic field of uniform intensity, ff, it 
is traversed by a total flux, SS, if its plane is at right angles 
to the direction of the lines of foree. If this coil is sharply 
rotated through 180 degrees about a diametral axis, an E.M.F. 
will be induced therein having a value of 2 NSH. This E.M.F. 
lasts but momentarily, and a ballistic galvanometer must be 
utilized if it is to be observed. Suppose such a galvanometer 
to be attached to tbe terminals of such a coil, and that galva- 
nometer resistance is ff. Let the resistance of the coil be r and 
that of the leads plus any auxiliary resistances that may be 
placed in the circuit in order to bring the galvanometer deflec- 
tion down to a reasonable point be R. The E.M.F. generated l^ 
t^e rotation of the coil would then cause the quantity of electric- 

2NSff 
ity q = „ to flow through the galvanometer circuit. The 

value off can be calculated directly from this formula if the 
galvanometer constant is known. The latter can be found for 
any particular instrument by discharging a condenser through 
it, in the usual manner. 

If tho gap in which the field to be meaauied exists is so 
narrow that it is impossible to rotate the coil of wire, it can be 
sharply moved by hand at right angles to the lines of force or 
the same thing accomplished with a trigger-released, spring- 
actuated device. In this modification the formula becomes 

Q = 7-, in which I is the distance through which the coil 

" g + r + M' ^ 

has been moved. 

This latter method must be used in the narrow clearance space 
existiug between the armature and the pole pieces of a dynamo 
oc motor, and the coil is usually moved, not between two fixed 
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limits, but between a position ia the gap and one outside of it 
where the field does not exist, as this is easier than attemptang 
to arrest k coil suddenly and accurately. 

The rotation method is more couTenient when there is sufficient 
space to allow of revolvii^ the coils, and is specially useful in 
measuring the intensity of the stray field of generatoiB. If the 
angle of rotation is made exactly 180 degrees, the results 
obtained are very reliable. 

The rotating coil method may also be used for tiie determina- 
tion of weak fields such as that of the earth if the coil area S is 
made veiy large. 

BISMUTH SPIRAL. 

The metal bismuth has the peculiar property of offering an 
increased electrical resistance when placed in a magnetic field. 
The intensity of the field can be measured from this increase in 



resistance, being proportional to the difFerence between the re- 
sistance when in the tield and when out of it divided by the re- 
sistance when out of it. The actual apparatus for measurii^ 
field strength in this way takes the form of a fiat spiral of 
bismuth wire doubled back on itself, so as to avoid induction 
errors, and attached to a handle as shown in Fig. 274. The 
windings are held in place by being cemented between two 
plates of mica and form a coil so thin thnt it can easily be intro- 
duced into the clearance space between an armature and its 
field magnets. The resistance of the coil when not within the 
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influence of a field is usually made about 10 ohms. The relation 
between tJie field strengtli and reaiatance is determined separately 
for each B[Hial and remains sensibly constant under all commer- 
cial circumstances. The varying resistance is easily determined 
with the aid of a bridge, and the field strength found by consult- 
ing a table or curve which comes with the coil, or in some 
instances, by having the bridge specially calibrated, so that whea 
used witii a given spiral the values of ff are indicated directly. 
F^. 275 shows the calibration curve of an average specimen. 

aLEOTROKAQNBTIC METHOD. 
In the commercial ammeters and voltmeteis of the permanent 
magnet pattern described in Chapter YI, current strength is 
measured by the reaction between a constant field and the 
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unknown cnrrent, as indicated by an index attached to a moving 
coil working against a spring which o^ers an opposing force like 
the spring in a spring balance. It is evident that the reverse of 
this method can be used to measure the strength of the field if 
the strength of tiie current flowing tJirough the movable con- 
ductor is known. An apparatus based on this principle is shown 
in Fig. 276, Here a conductor, I, is rigidly attached to an arm, 
C, a known current measured by an ammeter being passed 
through I by means of the flexible strips/^. If f is introduced 
into the gap in a magnetic circuit so that the current through 
it flows at right angles to the lines of force, it will be acted 
upon by a force IMl in which Jis the current, .ffthe field int«n> 
sity, and t the length of the conductor. The force is measured 
by varying the tension of the spring R by turning the screw V. 
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The Bciew is calibrated so that the force exerted ia known and 
a micrometer index attached to it can therefore be made to indi- 




cate field Btreogths direcdy with the current T adjusted to a 

given value. 

The shortness of the length, I, and the small current that may 
be passed through it because of the neces- 
sity of making the conducting strips, ff, so 
thin that they ofFer no appreciable resist- 
ance to fa movement, makes the forces 
involved small, so that such apparatus can 
be used only for the measurement of power- 
ful fields. 

Various modifications of this apparatus 
dependent on the reaction between the field 
and a current-carrying conductor will sug- 
gest themselves, 

SHOT INDUCTIOMETBB. 

An interesting piece of apparatus for 

measuring field strength is the Miot Id- 

ductiometer illustrated in Fig. 277. It 

consists of a three-legged glass tube filled 

with mercury to the level shown by the 

Pio. arjT. heavily shaded areas. A similarly shaped 

hut shorter three-legged tube is attached to its lower end by means 

of rubber tubing, so that it can be placed at any desired angle 

to the upper one. The lower member of the short tube is placed 

in the field whose strength is to be measured and current passed 
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through the mflrcury contained therein in the directioii indicated 
by the airowB. The position of Uia lower tube is made such 
that the flow of current traveraea tlie fields perpendicular to the 
lines of force, and therefoie the reaction between that field and 
the current throu^ the mercury causes the latter to rise in the 
central tube. The elevation of the mercury there, as indicated 
by the rise in the surface of the column of liquid that is poured 
over its surface, is proportional to the field strengtlk and to the 
ciirrent through the mercury, in other words, ^equals ShJ. E 
is a constant which is separately determined for every iaductio- 
meter, n is the head of liquid aa measured by the scale placed 
alongside of the central tube, and / is read from an ammeter 
placed in the current circuit. For any given current the scale 
can evidently be divided so as to show S directly. 
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CHAPTER III. 
HEASURBMEHT OF PERHEABILnT. 

The determioation of the permeability, fL, of various speci- 
mens of nu^etio material is of the utmost importauce in the 
calculation of electrical machinery, as on this quality depends 
tiie magnetizing force that must be supplied to obtain a mag- 
netic field of sufficient strength to obtain the desired reactions. 

It is more difficult to make this determination than that of 
electrical conductivity, chiefly because of the fact that a joint 
in a magnetic circuit such as must be used in the majority- of 
permeability measuring devices has, unless made with extreme 
care, a magnetic resistance that is so high as compared with 
that of the iron that errors amounting to over 100 per cent are 
only too readily introduced. Take, for instance, a case in which 
tlie &ir gap between two of the magnetic conductors forming 
the circuit is as small as .01 mm. ; if /i is 2000 this is the 
resistance of a four millimeter length of the iron and means that 
a corresponding error will be present in the result. It is there- 
fore clear that with short specimens great pains must be taken to 
obtain a perfect magnetic contact, machining the surfaces as true 
as possible and then tightiy clamping them together by appro- 
priate devices such as screws, etc. Another difficulty in per- 
meability measurements is that, as already stated, there is no 
magnetic insulator, and hence no way of confining the flux to a 
given path, so that leakage factors of unknown magnitude must 
be allowed for. 

As the value of t* varies with different values of the magnet- 
izing force, it is necessary, in order to obtain a complete record 
of the behavior of a given specimen, to subject it to fields of 
varying intensities. A specimen should first of all be entirely 
demagnetized ; to accomplish this, it is surrounded by a magne- 
tizing coil through which an alternating current is passed of 
a value such that the bar will be magnetized more strongly 
than it baa been since subject to the last magnetization. The 
current should then be gradually decreased in strength bj 
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inserting an external resietonce uotil it is reduced to the lowest 
poesible value, whereupon it should be cut off. The minimum 
value of the demonetizing current should be made very low 
indeed, this being conveniendy accomplished by utilizing a liquid 
resistance, in which the distance between two plates immersed 
in an electrolyte may be constantly increased until one plate is 
finally withdrawn. 

The bar is now magnetized 1^ passing a small current through 
the surrounding solenoid and olMerving by one of the methods 
to be described later on the flux induced therein. 

The exciting current is then increased by successive steps and 
the various values of B corresponding to different ones of H 
plotted in the form of a curve. A set of such curves from soft 
steel, wrought iron, and cast iron specimen» is shown in Fig. 278. 
It will be noted that in each case the value of B increases with 
an increase in the value of M, at first quite slowly, then more 
rapidly to a maximum rat«, and finally more slowly ^ain. If 
the curve were prolonged at the upper end it would be found 
that a value of M would soon be reached at which the curve 
became a straight hue, B increasing in direct proportion to H 
only and the iron thus acting like an air core. At this point 
the iron is said to be " saturated." 

For reasons that will be made apparent in the chapter on 
hysteresis, it is necessary in all permeability tests to see that 
the strength of the magnetizing current is increased from each 
step to the next and not allowed to first fall and then rise to the 
new value. 

HAGNBTOMBTBIO HBTHOD. 

The permeability of a given specimen may be determined 
with the aid of a magnetometer as follows : — 

The specimen should be a rod having a length at least four 
hundred and preferably as much as five hundred times its diam- 
eter, and be enclosed in a magnetizing coil which is slightly longer 
than itself. The rod should be placed vertically at a known 
distance from a mt^netometer. The solenoid that energizes the 
bar in itself affects the magnetometer, and this action must be 
compensated for by the addition of coreless solenoid placed with 
its axis horizontal in a position found by experiment where the 
current passed through it, and the bar solenoid in series no longer 
produces any effect 
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It is generally found that the vertical component of the 
earth's magnetism acts on the test specimen also, and this must 
then be compensated for by an auxiliary winding through which 
a coirent of appropriate strength is kept flowing. A rheostat 
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is inserted in the circuit energizii^ the vertical compensatiiig 
winding, and another in that of the bar energizing solenoid, 
so that the value of fi'may be adjusted at will, the whole appa- 
ratus being connected as shown in Fig. 279. 
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Aftar being set up, the compensation for the effect of the 
main solenoid on the magnetometer is accompliehed by shifting 
the coil as already indicated. The adjustment of tJie current 
throi^h tlie solenoid that compenBat«B for the Tertical compo- 
nent of the earth's field is affected by first causing the maximum 
current to be employed to flow tlirough the main winding and 
then gradually decreasing it to zero by increasii^ the resistance 
in the rheostat R, the current being rapidly reversed at the same 
time by means of a suitable commutator. If the maguetometer 
shows no traces of magnetism of the bar when Ji has reduoed 
the current value to zero, 
tlie strength of the current 
through a S is correct; if 
action does exist, the 
strength of tbe current 
through ab must be adjusted 
until this disappears. 

We now have the equip- 
ment so arranged that the 
strength of the magnet NS 
can be measured by the mag> ^ 
netometer, this being ob- 
tained in terms of the 
strength M^ o£ the earth's ( 
field at the point of obser- 
vation. The teat bar is so 
long that its poles maysafely 
be assumed as being at the 
extreme ends, and the dis- 
tance between the poles is '"'■ '"' 
80 great that the m^netometer may be considered as being in- 
fluenced by the upper one only. 

To obtain the curve showing the value of ft the m^^etizing 
current is increased in the desired number of steps and the 
corresponding values of the induction plotted. The value of 




— AttttAM— -i-^t<wfi»^ 



10 • 



H, the magnetizing force, is obtained from the formula - 
which has already been given. 

Owing to the fact that it is necessary to know the value of 
the earth's field where the permeability test is being made by 
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magnetometjio method as well as to the complicatioQ of tlie 
apparatus involved, and the fact that the test bar must be of 
dimensions such that it can rarely be a {«eoe selected from 
material that is to enter into the coostructioD of electrical appli- 
ances, this method is but seldom used outside of a laboratory. 
Its chief value is in the determination of the permeability at 
very low magnetizing forces, as theae act sluggishly and the 
mf^etometer will record the final effect, whereas in most of the 
other methods to be described further on such is not the case. 

BALLISTIC METHODS. 

In the snap coil dethod of measuring field .strength the 
E.M.F. induced in the coil by its movement through the field 
as indicated by a ballistic galvanometer is used to determine the 
strength of the field. As relative motion between the coil and 
the magnetic fluz is all that is necessary, the same results may 
be had by keeping the coil stationary and causing the flux cir- 
cuit to collapse, so that the lines of force cut the coil. 
Straight Bar BaUwtic Tett. 

If the specimen to be measured can be supjdied in the form 
of a long thin rod of the dimenfiious mentioned in the preceding 
paragraph, its permeability can be determined with a ballistio 
galvanometer as follows : 

The bar is placed within a magnetizing solenoid as before, 
but wound around the center of the solenoid there is placed an 
auxiliary winding of several turns of wire whose terminals are 
connected to the ballistic galvanometer. If current is suddenly 
sent through the solenoid, or if a current already flowing 
through it is abruptly interrupted, an E.M.F. will be induced in 
the test coil, which will be shown by the deflection of the ballis- 
tic instrument. If ^is the galvanometer constant, /the current 
strength, and N the turns per centimeter length of solenoid the 

value of B can be found from the equation B = -^—571 — X -a 

in which a is the galvanometer throw with the test bar in place, 
and S the same before the bar was inserted. Successive values 
of fi are obtained by making as many successive readings. 
Rowland Method. 
In this the specimen to be tested must be circular in shape 
having a small radial breadth. This ring is covered by hand 
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widi a known Dumber of turns of wire, and the strength of the 
current flowing therethrough may be r^ulated as desired by 
means of a rheostat, and measured by an ammeter, as shown in 
Fig. 280. Over a section of the monetizing winding there is 
wound a test coil of several turns of fine wire having its termi- 
nals connected to a ballistic galvanometer. 

In making the test the ring must first of all be tiioroughly 
demagnetized by the method outlined above. Current is then 
caused to flow through the energizing winding, and when this is 
suddenly made or broken the change in flux will produce cur- 
rents in the exploring coil, and these, as indicated by tlie galva> 
nometer, form a means of obtaining the data sought The value 

of ff is ■ , „ , as above, and of S, JT— = in which K is the 

101 2 an 

galvanometer constant, R the resistance of the test coil circuit, d 

Fia. ISO. 
the throw of the galvanometer, a the cross-eectioDal area of the 
ring, and » tJie number of turns in the test coiL From tlie 
two we have the value of /*, 

While it is easier to make the test specimen in <lie form of a 
ring than to obtain the long strai^t bar, tlie inconvenience of 
jdacii^ the winding on it by hand is so great that this test is 
seldom resorted to. A modilicatioa which overcomes this dis- 
advantage is the 

Sopkiiuon IHvided Bar Method. 

Here Ihe test specimen takes the form of a rod again, but 
one of convenient dimensions, usually about one half inch diam- 
eter by 14 to 18 inches length, cut into two parts. This rod is 
inserted into holes drilled in a very heavy wrought-iron yoke, as 
illustrated in Fig. 281. The right-hand half of the bar is solidly 
secured in place by means of a clamp screw, but the leftJiand 
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one may be pulled out bj means of the handle shown. The 
excitJog coil supplying the magnetomotiTe force to drive the 
flux through the specimen is in two parts, wound on appropriate 
bobbins, and separated bj a space sufficient to admit of the 
insertion of another and so-called test coil wound coucentricallj 
with the exciting coil. The exciting current is taken from a set 
of batteries, measured by an ammeter and sent in one or the 
other directioii through the coils with the aid of a reversing 
switch. The test coil has its terminals attached to a ballistic 
galvanometer, as is shown in the figure. This test coil fits 
loosely in its place and an elastic cord keeps it pulled against 
the test bar, so that if the movable section is pulled out the test 
coil will be snapped out sidewise clear of the whole apparatus. 




In making the test the exciting cnrrent is adjusted by the 
rheostat to the desired value in the reguhir way, the test bar 
handle pulled so that the test coil snaps out and the resultant 
galvanometer deflection is noted. As the test coil cuts the 
whole flux present when the handle was pulled the galvanometer 
deflectiou is a measure of the fiux. The formula connecting 

the two is ^ E3 K — 10", the eienificance of the aymbola 

an 
being as before. 

The magnetizing force, S, is calculated from the number o£ 
turns in the exciting coil and the strength of the current flowing 



through it as usual (ff = ~^-j-f 
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In this divided bar method, conectioD must be made for the' 
fact that, as the test specimen does Qot fit closely within the 
exciting coils, many lines of force pass through the test coil that 
do not flow through the specimen. The value of this correction 
is easily determined by making a preliminary measurement, using 
a non-mf^etac test bar in place of the regular specimen. 

The Hopkinson method assumes that the m^^etic resistance 
of tlie yoke is so small that the length of the magnetic circuit 
is the length of the bar between the yoke faces. It also assumes 
that the magnetic resistance between t^e test bar and the yoke 
is negligible. 

Neither assumptioD is rigorously correct and the method can 
hence be used only when approximate determlnatious are all 
that are required. 

The Dryadale PermeoTneier. 

A great objection to most of the devices for the measurement 
of permeability is that it is necessary to prepare special test 
specimens. Where these are made from lots of sheet metal such 
as is used in the construction of transformers and armatures, the 
specimen can as a rule be safely taken as a fair representative 
of the character of the lot. When, however, the test is to be 
made on cast metal, either iron or steel, such as enters into the 
construction of dynamos and motors, a test bar cast from the 
same pouring as the frame itself cools so much more quickly 
than the rest that the physical character of the metal is changed, 
and this affects the magnetic qualities very seriously. To cut a 
piece out of the casting is both expensive and unreliable, as if a 
fin^like projection is left to be machined 
off it will cool much more rapidly as 
would a separate test bar. 

A device to overcome these objections 
has recently (see " Proceedings of the 
American Institute of Electrical Engi- 
neers," November, 1901) been devised by 
Drysdale. A special drill \b used with 
which a hole is drilled in the mass of the 
material to be tested, leaving a cylindrical central core, as 
shown \y^ the cross-sectional illustration given in Fig. 282. A 
tapered iron plug carrying at its lower extremity a pair of coils 
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of insulated wire is arranged to fit in this hole and when pushed 
in place, as shown by Fig. 283, forms a m^netic circuit in which 
the central 'core left is energized by one of the coils, Ihe other 
coil being for connection 
to a ballistic galvanometer, 
as in the case of all teats of 
this kind. The return mag- 
netic circuit is through the 
surrounding body of the 
masB of metal under test, 
and through the testing 
plug. 

Connections are made, as 
in Fig. 284, and the various 
galvanometer throws con*- 
i sponding to the reversals in 
i the exciting current with 
different values of that cui> 
rent are plotted in the l^Ur 
lar way. 

In order to have a com- 
plete self-contained commercial apparatus, the batteries, the 
rheostat for varying the strength of the exciting current, the 
reversing switch, the ammeter for measuring current strength, 
and the balllHtJc galvanometer are all built into one case, aa 
shown in Fig. 285, a compartment being added to receive the 
t«st plug and the cords making connection with same. Ihe 




Flo. 2H. 

ammeter, A, is calibrated in amperes, and the ballistic galvan<v 
meter, B, is made with a needle swinging over a scale instead of 
a light spot and is calibrated directly in gausses. 

It is advisable to make the test at three or four different points 
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In tiie mass ot metal under examinatLon, to be sure that ao error 
has been introduced because of drilling into an unexpected flaw. 

When necessary to restore the original condition of the mag' 
netio circuit as fully as possible, a soft iron plug can be machined 
which will fit in the opening left by the drill after the test is 
completed, and if this is solidly driven home but little difference 
need be expected. 

The length of the test bar is short, but the character of the 
contact made by the testing plug is exeptionally good and of 
large area, so tiiat for high densities such as are used in practice, 
the results obtained can -probably be relied upon witii confi< 
dence. 

The Quontometer. 

Where ballistic test methods are used in determining fiie 
permeability of large masses of iron, some difficult arises 



in employing an ordinary ballistic galvanometer, as the mag- 
netic flux does not instantaneously attain its proper value when 
the current strength is changed to a new amount. As has 
been explained in the chapt«r on ballistic galvanometers, these 
give correct indications only when tiie duration of the applied 
current is so small as compared with the period of swing of 
t^e instrument that the former has all passed before the galva- 
nometer needle has a chance to make a sensible deflection. The 
time required for the attainment of the maximum flux value 
in a large mass of metal may be as high as thirty or even sixty 
seconds, which is far too great as compared with the eight to 
twenty seconds period of the ordinary ballistio instrument. 
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To overcome this difficult;^, the " quantometer " has been 
suggested. 

The quantometer is & galvanometer whose deflections are pnv 
portional to the quantity of electricity passed through it in spite 
of this long-time lag. It consists of a d'Arsonval galvanometer 
with a pivoted coil, like the instruments described on pages 
156' to 161, but in place of the volute springs which oppose 
the coil motion it is equipped with fine filaments of silver or 
strips of phosphor bronze such as are used for galvanometer 
suspensions and which are disposed so as to offer no appreciable 
resistance to the coil motion. The windings are on a short- 
circuited metallic frame like that which serves to dampen the 
indications of the d'Arsonval instruments mentioned. 

Without going into the theory of the instrument, it may be 
stated that with an apparatus of this nature the deflections are 
proportional to the quantity of electricity that flows on the 
assumption that the pivot friction is negligible, the restiaimng 
force of the conducting stripe TiiZ, and the duration of the cuii- 
rent practically zero. A correction can, however, be applied to 
allow for the fact that none of these conditions is rigidly correct, 
and this feature admits of the use of the apparatus for the pu> 
pose named. (See London Eteetrician, Dec 26, 1902.) 

TBACnONAL METHODS. 

A magnet with it« one pole in contact with a block of mag> 
netic material attracts the block with a force expressed by the 
formula p = 2fjrJ*S, in which S is the cross-sectional area of (he 
pole face. From this the permeability of a given specimen can 
be determined if the magnetizing force, S, is known, and the 
latter can be calculated from the strength of the current flowing 
and the number of turns of the magnetizing coil by the formula 
S = ivni (for a long coil) already given. 

The formula expressing the value of the permeabihty then is 



V B-t 



+ 1. 



Thompson Permeameter. 

One of tile earliest penDeabilit; measuring instramente 
depending in principle on tliis tractive force between a magne- 
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tized bar and a mass of magnetized material Is the Thompson 
penneameter. As is shown in Fig. 286, it consists of a heavy 
rectangular yoke of iron, having a hole boied thiongh one side, 
through which the 
test rod passes. The 
point on the inner 
surface of the oppos- 
ingyoke against which 
the test bar rests is 
carefully machined off 
to have a perfectly 
smooth surface, and 
the test bar end is like- 
wise treated. It is 
advisable to have the gj-^^ 
latter made slightly c^ita. 
conical. The mone- 
tizing coil wound on a 
brass tube surrounds _ ^ 

tJie specimen and is 

itself so inclosed by the yoke that practictilly all of the lines 
of force flow through the iron circuit. There is no pull on 
the test rod where it passes through the upper member of the 
yoke, as the direction of the hues of force there is at rightangles 
to it. By means of a spring balance whose upper ring is 
attached to some hook that can be gradually lifted, the pull re- 
quired to separate the test specimen from the lower leg of the 
yoke is read off and the value of the m^netiziug current simul- 
taneously read by means of an ammeter. 

Thompson gives the following formula for the permeability : 



(2) B=156.9^+ff. 



In this, P is the pull in pounds in the first formula or in 
grams in the second, and A the area of contact of the test 
bar in square inches for the first formula and in square centi- 
meters for the second. If the above are compared with the first 
equation giving the portative power of a magnet as above, they 
will be found to be substantially alike. 
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Several sources of error exist in this apparatus which are of 
such magnitude that it is not suitable for work o£ laboratory 
accuracy. It can, however, be used for demonstration purposes, 
and serves fairly well as a compamon inBtrument for comparing 
the permeabilities of a standard bar and an approximately similar 
unknown one at high flux densiticB. 

The sources of error in the tractional permeameter are : The 
variable air gap where the bar passes through the hole in the 
yoke ; the uncertainty of the contact between the lower end 
of the bar and the portion of the yoke on which it rests ; the 
increasing leakage at the lower end of the bar with increasing 
magnetization, which leakage lines are not effective in increas- 
ing the force resisting separation ; and the fact that the square 



root of the pull is involved in the fotteula which makes a small 
error in observation of the spring balance or in the calibration 
of the same, be a larger and larger per cent as the pull and 
therefore the magnetizing force decreases. 

The last objection has so much weight that in practice the 
instrument cannot be used at all for tiie determination of per- 
meability at low values of magnetizing current. 

Comparative values of specimens of metal for commercial use 
can, however, be quickly measured by tractional peimeameters, 
more particularly as these are generally worked at high mag- 
netic densities. 

A commercial permeameter is shown in Fig. 287, where 
a spring put in tension by turning the hand crank shown 
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meafiares &e force required to separate t}ie Bpeoimen from the 
yoke. 

Another tractional penneameter is shown in Fig. 288. Here 
sand is allowed to flow through the pipe, T, into a bucket, P, 
until the test speci- 
men is torn away, 
whereupon the flow 
of sand is at once cut 
off and the wei^t 
subsequently ascer- 
tained. 

Ewmg Balance. 

In this instrument 
for measuring per- 
meability by t r a c- 
tional force, an effort 
is made to eliminate 
the error due to the 
variable contact be- 
tween the test speci- ,.,„ ^^ 
men and the mass of 

metal closing the m^netic circuit by the expedient shown in 
Fig. 289. The test bar, E, is made circular in section as usual, 
and one of its ends rests in a V-shaped notch cut in one end 
of the iron spool about which the monetizing coil, B, is 
wound, the other end resting on a rounded surface at the other 
end of the spool, as shown at a. The contact between E and 




a is necessarily a point, being the contact between two cylin- 
drical surfaces at right angles to each other. 

The V-ebaped depression in which the end of t^e specimen 
E rests forms a kind of a hinge, so that when a lifting force is 
applied by the steel yard arrangement, F, a alone is raised. The 
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force tendiiig to tear Uie test specimen away from tiie magnet- 
izing Uock is, of course, obtained by sliding the weight, P, ont 
along the graduated arm of the steel yaid. 

In the commercial use of ihia device the current strength ia 
not fixed by means of an ammeter, but a standard bar is first 
inserted, and the current varied until it just lets go for a pre- 
determined position of P. The test bar is then substituted for 
liie standard and the position of P which causes this to be 
pulled away, is noted. The steel yard is graduated directly io 
gausses and forms a convenient although somewhat crude 
arrangement for some workshop tests. 

ATTBACnONAL METHODS. 

2>u Boia Magnetic Salance. 

In this instrument the test specimen, D, Fig. 290, is usually 

made a rod about 15 ceDtimeters long. By means of clamps ite 



ends are brought into close contact with heavy iron pole pieces, P 
and P, and the magnetic circuit is completed through Uiese, the 
air gaps, ^and H, and the heavy yoke, F. The inagnetizing sole- 
noid, S, surrounds the specimen. Fis provided with a pair of 
knife edges located opposite to one another at the point; .^, the 
peculiar distribution of metal shown by the figure being such 
^at the yoke is balanced around A by the weights of the two 
ends. When current is passed through B the force of magnetic 
attraction at each of the faces, B and E, is evidently the same, 
but as the pull through the left-hand gap acts on a longer lever 
arm, the yoke, F, will tend to descend at that end. 

This force is balanced by moving the small sliding weight 
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shown in Pig. 291 along the top of the yoke. Limiting stops 
are placed at each end of the yoke, one of them, as is shown to 
the left in Fig. 290, being usually provided with a pair of plat- 
inum contacts connected in circuit with a battery, and a galva- 
nometer or bell, so that if that yoke end descends appreciably be- 
low the normal position, a warning is instantly given. 

The attraction of the pole pieces on the yoke varies as the 
square of the flux through the magnetic circuit, and for a given 
m^^etizing current the graduated scale alongside of which the 
movable we^ht slides may therefore be calibrated directly in 



gausses, the proper allowance for the reluctance of the pole 
j»eces, the air gaps, and the yoke having first been experiments 
ally determined and allowed for. 

The reluctance of the air gaps in this instrument is so great 
as compared with that of the resistance of the rest of the circuit 
that small variations in the resistance of the joints between the 
test specimen and the pole pieces introduces no material error. 

DEKLECTIONAL METHODS. 

If a known current is passed through the movable coil of any 
of the d'Arsonval types of instruments previously described, 
the deflection of the needle attached thereto will be in propoi^ 
tion to the strength of the magnetic field in which the coil 



■do/Google 



870 ELECTRIC AND MAGNETIC MEASUREMENTS. 

works. The flux that forms this field is, for a giveD strength 
of curreDt through a solenoid etUToimding an iron cote to whose 
ends are attached the pole pieces between which the coil swings, 
proportionate to the penneability of the core. Instruments for 
the measurement of permeatolily based on this principle maj 
conveniently be termed of tie defiectional type. 

Koepsel Permeameter. 
This prominent instrument based on the above defiectional 
method is shown in section in Fig. 292. The test bar, E, is placed 
within the mt^etazing coil, 
B, and firmly clamped in 
place by means of thumb ■ 
screws to eliminate as far as 
possible errors due to the 
joints. The heavy iron pole 
I I pieces, JJ, embrace the mov- 

able coil, b, and to the latter 
is attached a pointer which 
V V swings over a scale graduated 

^°- **■ directly in gausses. In mak- 

ing a test current of a known value is sent through b and the 
deflection corresponding to different strengths of current through 
£ noted. The complete apparatus is illustrated in Fig. 293, 
the batteries being shown behind the instrument and the rheo- 



stats for regulating the strength of the current through the 
magnetizing coil and the moving coil respectively to the right 
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and left of it The batteries supply the current for b only, 
that necessary for B being drawn from a separate source, usually 
storage, batteries, and measured by a separate ammeter. 

Oarpentier Permeameter, 
This instrument shown diagrammatioally with its accompany- 
ing connections in Fig. 294, and in perspective in Fig. 295, is 
somewhat similar to the Koepsel device, but the flux through 
the heavy iron yoke pieces that complete the magnetic circuit 
is measured in another way. As is shown in Fig. 294, a small 
rectangular gap is left at the points of junction of the two yokes, 
in the upper one of which there is freely suspended a short mag- 
netic needle. When a flux passes through the yoke the needle 
of course tends to place itself parallel to the lines, and the 




needle attached thereto which can he seen inside of the little 
rectangular bos on top of the apparatus in Fig. 295 is deflected. 
By turning the knurled head shown in the same figure a spring 
is wound up, which as in the electro dynamometer (see page 165) 
introduces a measureable opposing force and brings the needle 
back to its original position again. The angle of twist of the 
knurled head required to bring the index to the zero mark is for 
each value of the magnetizing current, a measurement of the 
flux through the yokes, and the penneability of the test speci- 
men can therefore be determined by reference to a calibration 
curve which accompanies the apparatus. 

BBIDGB METHODS. 

Various magnetic anali^uea of the Wheatstone Bridge have 
been proposed and constructed from time to time. The origi- 
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nator of the plan seems to have been Ewlng, whose bridge is 
shown in Fig. 296. Two bars of identical diiuensiona are em- 
ployed, one of them. A, being a standard, and the other the one 
whose permeability is to be measured. The ends of these bars 
are clamped into heavy iron yokes, CO, and a pivoted m^^et- 
ized needle, a, placed between their extremities serves to indi- 
cate whether these yokes are magnetized. The bar, b, shown 
is a short permanent magnet which is used to give directive 
force to the pivoted needle. 

A and B are surrounded each with its own magnetizing coil, 
the two being connected in series, but opposed so that the direc- 



tion of flux through the one is opposite to that in the other. 
The number of turns around tlie standard specimen is fixed, but 
that around B is variable by means of a contact arm whose end 
can be moved over a row of contacts connected to different 
turns of the winding. This contact arm device is equipped 
wilii auxiliary resistances, so that each time a coil is cut out of 
the magnetizing circuit an equivalent resistance is added to the 
circuit, 80 that the strength of the current flowing remains 
uniform. 
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When the flux through each specimen is the same, the path 
of the lines of force is eTideutlj along one and back through the 
other, none being com- 
pelled to flow throi^h the 
yokes and across the gap. 
No deflectioa of the nee- 
dle, a, thus means that 
the fluxes are the same. 
In practice the number of 
turns surrounding the test 
bar is varied until the 
needle, a, no longer shows 
a permanent deflection 
witii the current flowing 
in one direction or the 
other, whereupon it is 
known that the fluxes 
furnished by the two speci- 
mens are alike since they i 
neutralize each o t h e 
Their permeabilities are 
hence in the ratio of t^e 
turns. To obtun the complete permeability curve the strength 
of the current being used must be measured by means of an 
ammeter and successive readings made for different values. 

MJSCELLAITEOtJS MBTHODB. 

The large errors introduced by the variable value of the con- 
tact between a test specimen and the heavy iron yokes used in 
most permeameters has led to many attempts to devise some 
satisfactory method tliat will give results which are independent 
of this elements 

One of the eariy ones is due to Ewing and operates as 
follows : 

Referring to Fig. 297, ^1 is a standard bar and B the one 
to be measured. Holes are drilled in the iron yokes, Cand 2), 
into which these bars fit snugly, the contact being made as solid 
as possible by means of the clamp screws. Solenoids through 
which are passed the magnetizing current surround both test 
specimens and are made of a length that just fits between 
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and 2> with these in the position shown in the figure. An ex- 
ploring coil surrounds one of the solenoids &nd the valae of the 
flux through B is found in terms of that through ^ by a method 
similar to that used in the Rowland test before described. The 
magnetic circuit in this case evidently includes the reluctances 
of the bars A and S plus that of the yokes, O and D, plus that 
of the four joints between the bar ends and the yokes. After 
making a determination with the yoke, D, located as illustrated, 
the clamp screws holding it to ike bars are loosened and the 
yoke slides along to a new position. The test is repeated there, 
and from this and the preceding one the induction in the test 
specimen is calculated. As the contacts between the yoke, O, 
and the two bars are undisturbed their reluctance and that of 
the yoke is eliminated. The same tiling holds good of the re- 
luctance of the yoke, D, so that the result is correct if the mag- 



5£, r^ -3E, 

jA j I 

1 1 

o o ■ 1 » I 

■ « i — I 

! — I 



netic resistance of the joints between A and J> and B and I> is 
the same in the Hrst position of D as in the second. 

It is unfortunate that this last assumption is not entirely 
valid and that the arrangement therefore gives permeability 
values which while amply close for practical purposes at high 
magnetic densities are not suiBciently exact for accurate work 
or at low densities. 

Picou Permeameter, 

In this instrument devised by Picou and modified by Armagh 
nat, the method of eliminating the errors due to the variable 
resistance of the magnetic joints is entirely different 

Referring to Fig. 298, the testspecimen, 6, is made rectai^;ii~ 
lar and may take the form of a prism of solid metal or of several 
layers of sheet iron such as is used for transformer and arma- 
ture work. There are two yokes, B. 5, respectively, which are 
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n shaped and between the ends of whose legs the test specimeii 
is inserted. Magnetizing coils suiTound all three as shown and 
suitable resistaDces, B^ B^ are inserted in the yoke and test 
specimen circuits, so 
lliat the strength of 
the current flowing 
through them may be 
varied at will. 

The measurement 
of the permeability of 
b involves two steps. 
First of all, current is 
sent through the sole- 
noids surrounding the 
yokes in such adireo- 
tion tbatthe resultant 
magnetic fluxes form 
a closed path through 
the yokes only, aa is 
shown by the dotted 
lines in Fig. 299. 
Under these circum- 
stances it is clear that 
there is no flux 
through the bar, h, 

itself, and that the reluctance of the magnetic circuit is that of 
the material composing the yokes plus that of the four joints 
between the test specimen faces and the yoke ends, plus the 
reluctance of those portions of the length of the test bar, 
lettered c and a respectively, in Fig. 299. 

Suppose that under these conditions the flux through the 
ciitjuit is ascertained by making a ballistic test or in any 
other convenient manner. The permeability of the circuit can 
then be calculated from the magnetizing force due to the meas- 
ured current through the exciting solenoids in the ordinary 
way. 

The electrical connections are then changed so that the direc- 
tion of the current in one or the other of the exciting solenoids 
is reversed, with the result that the flux directions throu^ 
Bi Bj are opposite, as shown in Fig. 300. The magnetic circuit 
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for each yoke is then completed through the taet specimen, and 
as the reluctance of thia cirouit is greater than the first by that 
^ of the specimen 
for its length, «, 
the flux through 
both S, and 5, 
ia lessened. By 
passing current 
throu^ the sole- 
noid flurrounding 
the test specimen 
in the proper di- 
rection amagneto- 
motive force is set 
up, which can be 
adjusted by ma^ 
I nipulatang the 
"'"■ '«*■ rheostat, fi,. Fig. 

298, until the flux through B, and B^ becoraefl again what it 

was under tie conditionfl in Fig. 299. 
The reluctance of the teat specimen may then be oaJoulated 

directly from the 

strength of the 

current that must 

he passed through 

its surrounding 

solenoid to biing 

about the above 

state of affairs, 

for the magneto- 
motive force that 

the coil must sup- 

jdy is just that 

required to force 

Ihe known flux ~— 

tbrougn the speci< 

men, that required to overcome the reluctance at &e joints 

having been accounted for in the first measurement. Knowing 

the strength of the current around b and the number of turns in 

its solenoid, the magnetizing force, and therefore finally the 

permeability, may be determined direct. 
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Owing to the great superiority of zero methods of measure- 
ment over methods involving vtdues of deflection, considerable 
thought has been devoted to modifying this Picou apparatus to 
bring it into this category. As a result it is now generally 
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supplied arranged as follows : As shown in Fig. 801, a fine wire 
winding acting as an exploring coil surrounds each yoke and 
the test specimen. An auxiliary transformer, T, is also employed 
which is eneigized by being placed in series with the ] 



ing windings surrounding the yokes and whose transformation 
ratio may be manually adjusted at will. The secondary circuit 
of the auxiliary transformer is completed through the two 
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exploriog coils on the yokes, coonectioDB being made bo that the 
E.M.F.'s induced therein are opposite to that induced in the 
coils. It can readily be seen that by suitably adjusting the trans- 
fonnation ratio of T the effect on a galvanometer, G, inserted 
in the coil circuit may be made zero ; the fact that equilibrium 
has been thus attained must be carefully established by sevenil 
revei-sals of the direct magnetizing current. 

To determiae the flux in the bar, 6, after tlie electrical con- 
nections are changed so ttiat the magnetic circuit is completed 
through it, a special commutator is employed, which cuts the 
solenoids of £, and B, out of circuit at the same time that b'a 



solenoid is inserted. The discharge through 6's test coil circuit 
is passed through a ballistic galvanometer, whose scale may be 
calibrated directly in gausses. 

The portion of the instrument containing the two yokes with 
their soils plus the commutator and reversing switch is shown 
in Fig. 302, that of the portion of the apparatus including the 
rheostat and galvanometer being illustrated by Fig, 303. 

It is claimed that the results obtained with this device are of 
the highest accuracy and that the elimination of the resistance 
at the joints is so far successful that a practically identical set 
of readings is obtained for a given stack of sheet iron strips for 
tbe order in which they are first placed in t^e apparatus and that 
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which they show when aubsequently removed, mixed up at ran- 
dom, and then replaced. 

Burger Permeameter. 

This device, while probably not capable of giving as accurate 
results as the preceding, is in quite extended use and has the 
advantage of giving the results veiy rapidly. In it the test bar 
is cut in half and mounted 
on a heavy iron yoke in a 
manner somewhat similar 
to that employed in the 
Hopkins on divided bar 
apparatus. The magnetizing coil surrounds the specimen in 
the same way also, but instead of having a snap coil in the gap 
between the bar en<^, a bismuth spiral is inserted, as is shown 
in Fig. 304. The variations in electrical resistance of this 
spiral form a measure of the strength of the field in which it is 
placed (see page 350} and hence of the permeability of the rod 
under teat. ~ 

As made by Hartmann and Braun, tiie Burger permeameter 
is made one self-contained piece of apparatus, as is illustrated in 
Fig. 305, and includes the yoke with its clamps, magnetizing 



coil, and bismutfi 6[nral ; two slide-wire bridges, one to make 
temperature corrections and the other for measuring the resis- 
tance of the spiral ; a galvanometer for use with the bridge ; an 
ammeter for measuring the exciting current; a comUnation 
galvanometer and battery key for the bridge, and a reversing 
nritch for tfie enei^zing circuit 
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HT8TBBSS18. 

If we start with a com^etely demagnetized iron specimen 
and diaw its permeability curve by any of the methods just 
given the curve will, as has been explained, take the form shown 
by the solid line in Fig. 306. If after the maximum desired 
value of M has been been attained the excitii^; currant is 
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decreased step by 8t«p, the values of S corresponding to those of 
J? will no longer coincide with those found in the initial teat, 
but will give a set of readings which when plotted will form 
the dotted curve in the same figure. If the direction of J?^ is 
now reversed, the value of B will continue decreasing until it 
comes to zero and will then itself reverse in directioa ontil 
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a maximum negative value is attained which will be found equal 
to the positive value corresponding to the same maximum posi- 
tive value of S. If ff is ien hrought back to zero, reversed, 
and then increased, a^n a similar curve will be given which 
will join the first when ff has reached its first positive masimum 
value. The curves form a closed figure shown in Fig. 807, which 
is known as l^e hysteietic loop. It will be retraced as often as 
the magnetizing force is made to go through the same cycle of 
changes in strength. The shape of the loop depends not only 
on the metal under test, but itfi physical condition, being, for 
instance, much more elongated and of laiger area for a hard 
tempered piece of steel than for one cut from the same specimen 
that was subsequently carefully annealed. It can be shown that 
if the value of B in Fig. 307 is expressed in lines of force, and 
that of ^in tens of amperes, the area of the hysteresis loop is 
the enei^y in ergs required to force the metal to overcome the 
cycle of changes. 

Also it has been found that for a given specimen and form 
of wave of the exciting current,, the area of the loop is the same 
whetiier the successive reversals in flux succeed one another 
with the lowest frequency found in commercial apparatus or the 
highest frequency. 

The predetermination of the amount of energy consumed by 
hysteresis is a most important requirement in the design of 
much electrical machinery. 

MEASUREMENT OP HT8TBBETIC LOSSES. 
Method of PloUing Curvet. 

A very obvious method of determining the hysteretic loss is 
to draw die complete loop from successive observations made 
with difFering magnetizing forces by any of the permeability 
measuring plans spoken of, and then to obtain the area of the 
resultant loop with the aid of a planimeter. Just as obviously, 
however, this method ia exceedingly tedious because of the 
laige number of observations required, and it is therefore seldom 
used in the workshop. 

WiatmeUr Method. 

The energy consumed in the hysteretac cycle may be measured 
very simply by using a sensitive indicating wattmeter. For this 
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test the specimen is surrounded Tith a magnetizing coil and 
the eneigj expended therein meaBured, first with the specimen 
removed, and afterward with it in position. The first reading 
gives tlie eneig^ required to overcome the resiatance of the 
magnetizii^ coil itself, and the second that energy plus Hiat 
expended bj hysteresis and eddy currents. Aa it is difficult to 
determine the latter separately this meter test is usually used 
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only when it is possible to obtain the specimen in the form of 
thin sheets, which may be electrically insulated from one another 
by varnishing or othermse, thus practically eliminating the 
eddy current loss. 

Instead of connecting the wattmeter in the usual way, it is 
advisable te have two windings over the specimen, one of wire 
through which tlie monetizing current flows, and the other of 
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fine wire inaulated from the first, and in which there is generated 
by (he altematiDg flux an E.M.F. that is applied to the poten- 
t^ circuit of the wattmeter. This elimiDates the error due to 
the enei^ loss in the coil. Connections of this kind are shown 
in Fig. 308, where there is added also an ammeter and a volt- 
meter. The two latter instruments are useful for determining 
the nu^etoQiotive force and the flux respectively. 

Xknng Mytterent Metsr. 

The hysteretic loss in a given specimen is the same whether 
the altemationB in the field strength are caused by rotating 
it through a field or holding it stationary and reversing the 
direction of the current through the exciting coil. It is also 




the same whether the specimen is held stationary and the field 
rotated or vice versa. 

One of the hest known hysteretio loss meters is the Ewing, 
which is based on the latter principle and constructed as shown 
in Fig. 809. In it a C-shaped permanent m^net is suj^rted 
by knife edges on agate bearings, and between its polar extremi- 
ties there is placed a clamp to hold the tost specimen. This 
whole clamp may be rapidly rotated by means of the hand wheel, 
and when this is done the reaction between the field of the 
specimen and that of the magnet tends to carry the latter 
along in the same direction, this motion being opposed by suit- 
able counterweights and indicated by a needle sweeping over 
a stetionaiy scale. To the lower part of the magnet is fixed a 
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flat vaae dipping into an oil - bath which dampens the indi- 
cations. 

Two standard specimens are supplied widi each instrument 
and the deflections that these give are noted before any test is 
started. These two values are used to establish a curve show- 
ing the relation between the deflection and the hysteretic losses, 
so that when the unknown specimen is inserted the hysteresis 
loss can be found from ttie deflection by referring to the curve. 



The sample must be laminated in order to avoid eddy cui^ 
rents, but it is claimed that the thickness to which thej are 
piled up has such a small sfieot tJiat within ttie limit allowed by 
the clamps no correction need be applied. 

Professor Ewing has recently determined that the hysteretic 
loss in the standard test specimens does not remain constant 
indefinitely, and it is hence advisable to primarily determine the 
value of that of the standard by some other method if the appar 
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ratue is to be used for exact dcterminationB. This refinement is 
however not necessary in workshop practice, because oompari- 
tive results are as a rule all that is desired. 

Blondell Sy»tere»U Meter. 

In this instrument, which is shown in Bectiou in Fig. 310, the 

test specimen is made in the form of a ring which is secured to 



Fia. no. 
asupport that can be rotated about the central axis of the device. 
The tendency to rotate is balanced by means of the spring 
shown, and a needle attached to the frame carrying it is brought 
back to a zero mark by turning a knurled head as in a dynamo- 
meter. The rotating magnetic field is supplied by the TT-shaped 
magnet, and its torque as indicated by the position of the torsion 
head is a measui'e of the hysteretic loss. 

HolAen Instrument, 

Another hysteresis meter, used by the Oeneral Electric Com- 
pany and employing a cylindrical test specimen in a rotary field, 
is shown in Fig. 311. The magnet is here an elecla^magnet. 



■do/Google 



886 ELECTRIC AND MAGNETIC MEASUREMENTS. 

cuirent being passed throogh its winding -with the aid of two 
collector rings like tliose of an alternating current geneiator. 
The arrangement for measuring the torque of the sample is 
the same dynamometer sping affair, the valaes of the torque 
beii^ read off from the position of a movable index relative to a 
fixed scale. 

In this instrument provision is made also for the measurement 
of the flux, this being done aa follows : A coil surrounds but 
does not touch the test ring and rotates with it. It has its tei^ 
minals connected to a two-part commutator, so that it delivers 
direct curtent to a pair of binding posts that are connected to 
the brushes. A voltmeter attached to the binding posts then 
shows the magnetic induction as the number of turns in the 
exploring coil, the cross-section of the test Bpecimen, the speed 
of rotation of the magnet, and the resistance of the circuit com- 
prising the volbneter, test coil, and con- 
nections are all known. The test coil 
feature is a most convenient one, as by 
its aid the induction in the specimen can 
be read in each instance and of couise 
readily adjusted to any desired value by 
varying the strength of the exciting cur- 
rent. It is claimed that the most impoiv 
tant reason for not adopting the Ewing 
plan of emjdoying a rotating permanent 
magnet in place of the electroim^et is 
that with tiie former results obtained on specimeuB of iron of 
widely different character were not correct. 

Searle Method. 

A very elegant method for measuring the hysteietic loss for 
a single monetizing cycle has been proposed by Searle, and 
involves the use of an instrument that is practically a ballistic 
wattmeter. As is shown by the diagrammatic sketch in Fig. 312, 
the test specimen, U, is placed inside of a solenoid, the series o<nlf 
of the wattmeter being connected in series with this winding. 
Another coil surrounds the first, and to its terminals is 
oonnnected the potential coil of the wattmeter. 

To tiie terminals, A and B, of the magnetizing coil there is 
connected a reveiBing commutator, so that the current sent 
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through it and whoee value is measured b; an ammeter can be 
suddenly reversed in direction. The electro-motiTe force induced 
in the secondary winding is proportional to the rate of change 




iu OB 



in flux through the core, that is, to 



The current through 



the primary winding at this instant is Eiit, so that the couple 

defiectii^ the wattmeter is Sdt -j- ■ This integrated shows 

that the deflection of the instrumeat is proportional to BB, that 
is to say, to the hysteretic loss. 

It is, of course, asanmed that the revetsal is made bo quickly 
that the whole cycle has been completed before the galvanometer 
has a chance to make a sensible deflection. 
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APPENDIX. 

The following list is intended to serve as a general guide to 
those who desire to ascertain where they may procure inetru- 
ments and devices o£ the types described in tiiis volume, or to 
obtain from the makers thei-eof more detailed information as to 
construction or operation than haa found place in a treatise of 
the necessarily general nature of this one. It is not contended 
that the list is complete, in fact it would hardly be feasible in 
many instances to ascertain and record each maker of each form 
of device, but it is thought that it will be found accurate as far 
as it goes and should certainly serve a useful purpose. In those 
cases where the manufacturer is located abroad, the endeavor 
has been made to give the name of the United States represen- 
tative of the line as well as his own so as to enable those inter- 
ested to promptly communicate with the nearest authoritative 
source. 

The schedule is arranged in the order of the serial numbers 
of the illustrations to facilitate reference thereto. Where an 
illustration is not mentioned by a number in the list and is not 
simply diagrammatic or illustrative of a principle, it may usually 
be taken for granted that the apparatus is of a special or labor- 
atory character, built to order only, and about which a specialist 
in fine instrument building should hence be consulted if it is 
dedred to procure the actual apparatus. 

LIST OP ABBREYIATIONS EMPLOYED. 

Allgemelne GlektrtcItatsGea., Berlin, OenuEiny. 

Bristol Company, Wal«rbury, Conn. 

Cbanvln ftud Arnoui, Faiia, France. 

Crompton and Companj, London, England. 

C. Ollivettl, Milan, Italj. 

Cambridge Scientific Inst. Co., Cambridge, England. 

Doncan Electric Mfg. Co., Latayette, Ind. 

Diamond Meter Co., Peoria, lit. 

Elliott Bros,, London, England. 

Electro Djiuiunlo Co., Bayoune, N. J. 

Edison Electrlo MIg. Co., Orange, N. J, 

E. V. Halliard, New York, N. Y. 



A 


E. G. 


B 


Co. 


C 


& A. 


C 


4 Co. 


C 


0. 


C 


S. I. Co. 


D 


E. M. Co. 


D 


M. Co. 


E 


B. 


E 


D.Co. 


B 


E. M. Co. 


E 


V.B. 
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Foot«, Hewon A Co., New York, N. T. 

Fort Wayne Elect. Co., Fott WajDe, Ind. 

Oenenl Electric Co., Scbenectad;, N. T. 

General Inc. Ant. Light Co., Pittflfleld, Hub, 

Hartmsnn and BrsoD, FnnUort, A. M. 

Julea Carpentier, Paiia, France. 

Jas. G. Biddle, Philadelphia, Pa. 

Jas. White, Glasgow, Scotland. 

L. M. PIgnolet, New York, N. T. 

Leeds and Northrup Co., PhUadalpUa, Fft. 

Uayer and Eaglund, Philadelphia, Pa. 

Hachado and Roller, New Tork, N. T. 

Hejere Break Finder Co., Syncuae, N. T. 

Norton Electrical Inst. Co., HaochMMr, Conn. 

Otto WollS, Berlin, Germany. 

Quaen and Co., Philadelphia, Fa. 

B. W. Paul, London, England. 

Siemens and Halsbe, Berlin, Gemuuiy. 

Sangamo Electric Co., Sprlnglleld, HI. 

Syracnae Electrical Inst, Co., Syracuse, N. T. 

Stanley Electric ftUg. Co., Pittsfleld, Haas. 

WillyouDg and Gibson Co. , New York, N. Y. 

WeMem Electric Co., Chicago, III. 

WeatlngtaouM Elect AHfg.Co., Pittabo^, Pa. 
Wag. E. H. Co. Wa^er Elac. Mfg. Co., St. Louis, Mo. 
West. E. I. Co. Weaton Elec'l Inst. Co., Waverly Park, N. J. 
Wbit. E. I. Co. Whitney Elecl Inst. Co., Fenacook, N. H. 



F. F. Co. 


F. W. E. Co. 


O. E. Co. 


G. I. Co. 


H.4B. 


J.C. 


J. G. B. 


K. &W. 


L. M. P. 


L. AN. 


M.4E. 


M. AR. 


M. B. F. Co. 


N. B. I. Co. 


0. W. 


Q.C0. 


B. W. F. 


S. & H. 


8. E. Co. 


8. E. L Co. 


S. E. M. Co. 


W. AG. 


W. E. Co. 


W. E. M. Co. 



MAKERS OB AGENTS. 



Fio. No. 
1 J. C. 



3 L. & N., F. P. Co.. W, & G., Q. Co., S. & H., O. W. 

4 E. B. 

6 W. AG., Q. Co., L, &N.. F. P. Co. 



10 Q. Co., J. G. B., K. & W. 

U J. C. 

U Q. Co., W. &G.,L. &N., F. P. Co. 

16 West. E. I. Co. 

16 Q. Co., W. &G., L. &N., F. P. Co. 

20 Q. Co., J. G. B., K. &W., H. 4B. 

21 

22 ■• 

24 L. & N., Q. Co., W. & G., J. C. 

29 L. & N.. Q. Co., W. & G., F. P. Co. 



83 M. & R., C. & A. 

86 Q. Co., W. & G., L. & N. 
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ria. Ho. 

37 L. & N., Q. Co., W. & G.. W. E. Co., F. P. Co. 
40 " " " '■ " 

40A. C. S. I. Co. 

U L.& N.. Q. Co., W. 4 G., W. E. Co., F. P. Co. 
45 " " " E. V. B., 

47 

48 H. & B. 

' 49 H. & B. 

61 L. AN., M. &R., C. &Co. 

fi2 Q. &Co.,L. AST., W. &G.,P. P. Co. 

69 H. &R., C. &Co. 

64 J. G. B., 0. 8. I. Co. 

66 

56 U. &R., C. &Co. 

57 L. & N. 

68 O. W., L. &N., Q. Co.. W. AG. 
59 L. ft N. 

61 Q, Co., L. ft N., W. &G. 

67 " '* " F. P. Co., Whit. E. I. Co. 

68 

69 Whit. E. I. Co. 
71 O. W. 

73 E. V. B., L. &N., Q.Co., W. &G. 

75 L. ft ST., Q. Co., W. ft G. 

76 Whit. E. I. Co. 
80 E. B. 

88 M. ft R., C. ft A. 

91 L. ft N.. Q. Co., W. ft G. 

92 



98 WMt. E. I. Co. 

99 
100 

104 (i. Co. 

106 Whit. E. I. Co. 

107 L. ftN., (1- Co., W.ftG. 
116 J. C, L. M. P. 

118 Whit. E. I. Co. 

H9 Wert. E. I. Co. 

120 Whit. E.I. Co. 

121 E. £. U. Co. 
ISS G. £. Co. 
124 

126 

126 Q. Co., L. ftN., W. ft G.,F. P. Co. 

127 H. ft B. 

129 A. E. G., K. ft W., W. E. M. Co, 
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132 G. E. Co. 

133 Q. Co., N. E. I. Co., W. E. Co. 
137 H. & B.. S. E. M. Co. 

138 

139 Whit, E. I. Co. 

140 

143 G. E. Co., W. E. M. Co., Wag. E. M. Co. 

145 Whit. E. I. Co., A. E. G., H. & B. 

147 R. W. P., M. & R. 

149 H. & B. 

150 A. E. G. 

151 G. E. Co. 
162 

163 W. E. M. Co. 

154 

156 F. W. E. Co. 

156 Weat. E. I. Co. 

157 S. E. I. Co., 0. E. Co. 
1.58 C. & A., M. ft R. 

169 G. E. Co.. W. E. M. Co. 
160 

161 West. E. I. Co., Whit. E. I. Co. 

162 West. E. I. Co. 

169 Whit. E. I. Co. 

170 West. E. I. Co. 

173 W. E. M. Co., A. E. G. 

174 

179 West. E. I. Co., Whit. E, I. Co. 

185 L. & N., Q. Co., W. & G., F. P. Co. 



212 C. S. I. Co., W. AG.. J. G. ] 

213 W. &G. 

214 II. &B., M. &R. 
215 

216 W. E. M, Co. 

5il7 A. E.G. 

218 H. & B. 

221 G. E. Co., W. E. M, Co. 

222 

223 E. D. Co., West. E. I. Co. 
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238 M. B. F. Co. 

241 B. Co. 

242 C. & A.. M, & R. 
243 

244 G. E, Co. 

245 H. &B.,S. &H. 

246 0. 8. 1. Co., J. G. B. 
248 0.0. 

249 

260-1 West. E.I. Co. 

257 Whit. E. I. Co. 

260 G. E. Co., D. M. Co., D. E. M. Co. 

262 G. E. Co. 

26fi S. E. Co. 

271 G. I. Co. 

274 H.&B. 

287 J. C. 

293 S. 4 H. 

294-6 J. C. 

802 J. C. 

304r-5 H. & B. 

309 E. B. 

810 J. C. 
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